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ABSTRACT
IMPACT OF ADVANCED PRETREATMENT ON THE FEASIBILITY OF
UV/H2O2 TREATMENT FOR DEGRADATION OF ORGANIC
MICROPOLLUTANTS
Comparing Pretreatment Techniques and their effect on AOP: Conventional
pretreatment vs. Ion Exchange-Ultra Filtration (IX-UF)
by
Ashlee L. Fuller
University of New Hampshire, September, 2010
Research was performed to show the impact of several types of pretreatment at
Water Treatment Plant, Andijk, on the Advanced Oxidation Process. The
objective was to compare the effect of Ion Exchange with Ultra Filtration (IX-UF)
pretreatment to the existing Coagulation, Sedimentation, Filtration (CSF)
pretreatment on the effectiveness of the UV/H2O2 process. The micro-pollutants
chosen for this study are NDMA, atrazine, 1,4-dioxane and bromacil.
Characterization of the water matrixes for the pretreated waters was completed to
determine the impact of background absorption (DOC and nitrate) on micro
pollutant degradation and OH- radical production. Collimated beam studies (MP
UV) were performed to determine rate constants (kd'D), quantum yields (F), and
Roh,uv. Simplified modeling showed that F and kd' for NDMA were in the same
xiii
order of magnitude for all water types. For 1 ,4-dioxane the Roh, uv values were
strongly impacted by the water matrix. Pilot studies were completed to determine
the efficiency of the two pretreatment techniques in terms of electrical energy
consumption (Eeo)· Results showed E20 is strongly impacted by pretreatment. A




1.1 Definition of the Problem
In the late 1980s Amsterdam Water Supply observed bentazone, a pesticide in
their raw water source, the River Rhine. This observation was followed by
numerous detections of pesticides in Dutch drinking water sources, both ground
water and surface water. Nowadays more than 350 pesticides have been observed.
Most of these pesticides were not removed by conventional drinking water
treatment. In order to meet the EC and Dutch drinking water standard of = 0.1
µg/L per individual pesticide, water supply companies had to implement new
processes for pesticide removal and / or degradation (Ijpelaar, 2002). Many water
supply companies installed either GAC filtration or a combination of O3 and GAC
filtration.
Originally PWN relied upon the GAC-filtration already present at treatment plant
Andijk, WRK replaced PAC dosage by GAC -filtration at WRK-III, where water
is pretreated before dune infiltration. In 1999 a combination of ultrafiltration and
reverse osmosis was installed at treatment plant Heemskerk-I. Finally in 2004 and
2008 UV/H2O2 treatment was added to the existing treatment at Andijk and at
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Heemskerk (Heemskerk-II) as an additional treatment step before dune
infiltration
Currently, the existing process train at water treatment plant Andijk (20MGD;
3000 m3/h) consists of microstraining, conventional surface water treatment,
UV/H2O2, GAC filtration, once again microstraining and finally CIO2 dosage
(Martijn, 2007).
UV/H2O2 treatment is installed as a non selective barrier against micropollutants.
GAC-filtration functions as an additional barrier against micropollutants
(metabolites), biodegradable reaction products, nitrite and excess H2O2.
Research was performed to characterize the impact of pretreatment on UV/H2O2
treatment at PWN' s water treatment plant Andijk. An upgrade in the pretreatment
process causing a higher removal of UV absorbing organics and nitrate will
enable the same nonselective barrier against a broad range of micro-pollutants
such as pharmaceuticals, endocrine disrupting compounds, solvents (dioxane),
rocket fuel by-products (NDMA), and pesticides (Kamp, 1997) either for the
same total production at lower costs or for larger total production at fixed costs.
An improved pretreatment also enables a higher conversion than the current target
for the investigated priority pollutants or the current target for more resistant
compounds, for the same production at fixed costs.
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1.2 Process selection
The two pretreatment techniques selected for this research effort consisted of the
current practice using conventional surface water treatment with Coagulation,
Sedimentation, Filtration (CSF), and an innovative approach using Ion Exchange-
Ultra Filtration (IX-UF).
Although CSF is a reliable pretreatment technique, the use of ion
exchange/ultrafiltration (IX-UF) offers potential to enhance the UV/H2O2 process.
Thereby, ultra filtration replaces conventional treatment while the ion exchange
removes nitrate and gives an increased DOC removal.
Model compounds were selected to establish the impact of the two water qualities
on degradation by the UV/H2O2 process. Dose response relationships were
established for the model compounds in MiIIiQ water and the two water qualities
by completing a series ofbench scale experiments. The degradation using varied
process conditions including multiple UV-doses and H2O2 concentrations was
confirmed at pilot scale for the two water qualities.
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1.3 Objectives and research questions
1.3.1 Hypothesis
It is predicted that compared to conventional treatment IX-UF will improve the
UV/H2O2 process through enhancing photolysis and OH- radical oxidation as well
as reducing the Eeo needed for the degradation of the targeted micro pollutants.
1.3.2 Research Objectives
Quantify how water constituents and the related absoption spectra after different
pretreatment impact the available UV- light for direct photolysis and the available
UV- light to be absorbed by H2O2 to generate OH radicals.
Select a set of suitable model compounds and determine the kinetic parameters
(quantum yield and reaction rate constants) of these compounds for each water
type in bench scale experiments.
Determine the electrical energy per order (EEO) for the selected model
compounds for each water type in pilot experiments.
Quantify the expected reduction in energy consumption achieved by UV/H2O2
treatment at WTP Andijk for ion exchange and ultra filtration pretreatment





Since 1920, when PWN Water Supply Company North Holland was founded to
supply North Holland with drinking water, it supplied dune water and
groundwater. The growing demand for drinking water in the 1950's inspired
PWN and Amsterdam Water Supply to design Water Transport Company Rijn-
Kennemerland (WRK). WRK-I and II were constructed to pretreat as well as
transport surface water from the River Rhine for dune infiltration. In 1981 WRK-
III was constructed for the additional pretreatment of surface water from the Ussel
Lake.
In the 1960s, North Holland's increasing drinking water demands led to the
construction of surface water treatment plant (WTP), Andijk. Similar to WRK-III,
Andijk's water supply is fed by Ussel Lake water, which originates from the
River Rhine. Today, WTP Andijk supplies finished water on the scale of 20
MGD; 3000 mVh. Advancements in the requirements of drinking water quality
and customer confidence have necessitated PWN to upgrade WTP Andijk
continuously. Already a short time after the plant was constructed post
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chlorination was replaced by a post disinfection with chlorine dioxide and GAC
filtration was added to the treatment system. In a later phase a second micro
straining step was added after the GAC filtration.
Additional improvements in pretreatment may enable higher DOC and NO3"
removal. This enables either the same production by UV/H2O2 treatment for less
energy or a higher production for the same energy at the same conversion of 80%.
Also a higher conversion can be achieved at the same production and process
conditions. This is especially important for future hazardous compounds with a
lower conversion than 80% under current conditions.
When Water Treatment Plant (WTP) Andijk was built in 1968, treatment
consisted of microstraining, breakpoint chlorination, coagulation, rapid sand
filtration and post-chlorination. In the period 1968-1979, the facility has been
retrofitted with the introduction of GAC filtration and the replacement of post
chlorination by ClO 2 dosage to avoid taste and odor problems. In a later phase
micro strainers were installed after the GAC filters to avoid the presence of higher
organisms in the finished water.
Although early 2000 the finished water quality still complied with all EC and
Dutch drinking water standards, PWN pursued new ways to upgrade the treatment
process of WTP Andijk. Continued advancements in treatment technologies
enabled to avoid the use of chlorine completely and to expand the barriers against
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pathogenic micro-organisms and a broad range of organic micropollutants such as
pharmaceuticals, endocrine disrupting compounds, solvents (1,4 dioxane), rocket
fuel and disinfection by-products (NDMA), and pesticides.
Nowadays, roughly 350 pesticides are used in the Netherlands varying in level of
persistence, degradability and toxicity with many found in Lake IJssel among
other drinking water sources at concentrations of up to 1 Mg/L. Based on
concentrations found in the raw water source after storage (O^g/L), the
requirement for organic contaminant degradation was set at 80% (Kruithof, 2007).
Before the decision was made to implement UV/H2O2 for organic contaminant
control at WTP Andijk, thorough research was done investigating the use of
O3/H2O2 treatment. IJssel Lake water being rich in bromide (300-500 µg/l),
caused high levels of bromate (20 µg/L. Extended research showed that bromate
formation could be reduced by pH increase and increase of the IÌO2/O3 ratio.
Bromate levels lower than 2-3 µg/L could not be achieved. This was higher than
the PWN standard for bromate of 0.5 µg/L. Therefore the use of C^ZH2O2 was
rejected (Kruithof, Kamp, and Belosevic et al. 2002) and the use of UV/H2O2
treatment was pursued.
Since 2004, a full scale UV/H202 installation has been integrated at WTP Andijk
into to the pre-existing treatment train between the sand and granular activated
carbon (GAC) filters and breakpoint chlorination was stopped. The already
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present post GAC filtration addresses the excess H2O2, nitrite, and biodegradable
reaction byproducts.
Studies at PWN showed that the required 80% degradation could be achieved by
the optimal combination of electrical energy and H2O2 dose. In UV reactors,
designed for organic contaminant control, a UV dose of 540 mJ/cm2 (about 0.5
kWh/m3) and 6 mg/L FkCh were required for the required 80% removal of the
targeted pesticides. The full-scale AOP installation at WTP Andijk includes 3
streets of 4 Trojan Swift 16L30 reactors that have been in operation since 2004.
Currently WTP Andijk practices coagulation, sedimentation and rapid sand
filtration as pretreatment before the UV/H2O2 process. The use of Ion Exchange
(IX) and Ultra Filtration (UF) replacing CSF for pretreatment has the potential to
improve the flexibility of the full scale UV/H2O2 process. IX-UF is expected to
have potential to save energy, to enable a higher production rate as well as to
enable a higher conversion by the UV/H2O2 process. Ultra filtration offers
absolute removal of particles while Ion Exchange enhances the removal of DOC
and especially nitrate. With IX-UF pretreatment, no coagulant dose will be
required and therefore, no chemical sludge will be produced.
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2.2 Description of Unit Operations
2.2.1 Coagulation, Sedimentation, Filtration (CSF)
Currently, coagulation, sedimentation and filtration (CSF), are the key steps of
conventional water treatment at WTP Andijk. During the initial stages of CSF, a
coagulant (FeQ or FECISO4) is added and is rapidly mixed into the water being
treated to destabilize the colloidal particles. This is followed by gentle mixing,
causing the particles to agglomerate and form settable floes (flocculation).
Following flocculation, the formed floes are separated from the water by sludge
blanket clarification The clarified water is passed through filter bed media where
residual particulate matter is removed. Regular backwashing of filter beds is done
to avoid high head loss.
Although CSF is a well proven pretreatment technology for significant removal of
particulate matter including microorganisms and a partial color removal, ion
exchange coupled with ultra filtration may have advantages over conventional
treatment by increasing DOC removal and removing nitrate.
2.2.2 Ion Exchange (IX)
The Ion Exchange process involves contacting resin beads with raw water. Two
types of resins, cationic and anionic, are commercially available. The removal by
9
anion resins is based on the presence of positively charged cations, and the
exchange of negatively charged counter anions such as chloride, against anions
such as humic/fulvic acids (DOC) and nitrate.
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Figure 1: Diagram showing anion exchange for removal of DOC
(Diagram by Orica Watercare: http://www.miexresin.com/index.asp?page==6)
Several process configurations are available for ion exchange. Conventionally ion
exchange is applied in fixed beds. In PWN's advanced approach the ion exchange
resin is mixed with microstrained, raw water for ample mixing time to allow
removal of DOC and other constituents from the natural water. The pretreated
water passes through ultra filtration (UF) membranes for particle removal.
Because Ion Exchange reactions are reversible, the resin can be regenerated by a
sodium chloride wash. The produced brine is collected and the sodium chloride is




According to the USEPA Membrane Filtration Guidance Manual, CSF produces
high quality water, but it does not ensure an absolute barrier against pathogens
(http://www.epa.gov/safewater/disinfection/lt2/pdfs/guide_lt2_membranefiltration
_fs_final.pdf). CSF has significant influence on the removal of DOC but not on
nitrate leading to similar concentrations before and after treatment.
Low pressure membrane filtration, specifically Ultra Filtration (UF) is an
alternative technology to coagulation sedimentation and filtration (CSF)
pretreatment. UF is characterized by the ability to remove suspended solids or
colloidal particles via a sieving mechanism based on the size of the membrane
pores relative to that of the particular matter. Pore sizes for Ultra Filtration
generally range from 0.01-0.05 µp?. The UF technology is based on
backwashable, hollow- fibers in order to remove particulate matter including
turbidity as well as microorganisms. With the use of membrane technology, the
addition of chemicals such as coagulants can be lowered or even completely
avoided.
The principle behind Ultra Filtration technology, is utilizing a membrane barrier
that allows the passage of water and solutes such as DOC, NO3", etc., while
removing particulates. Traditionally, the membranes consist of polymer hollow
fibers resembling tiny straws, neatly and compactly organized into a membrane
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module known as an element, in the shape of a bng tube. Membranes may also be
made out of ceramic replacing the polymer fibers. Ultra filtration acts as a
successful barrier against viruses, removing particles of 0.001-0.1 µ?? from the
water. Fouling due to substances in the colloidal state (metal hydroxides) clogging
the small pores hindering the filtration of the water needs to be minimized, while
permanent fouling should be avoided (Zhou, 2002)
(http://www.epa.gov/safewater/disinfection/lt2/pdfs/guide_lt2_membranefiltration
_fs_final.pdf).
2.3 UV/H2O2 Process Basics: Photolysis & OH1 Radical Oxidation
The use of UV light in combination with hydrogen peroxide is an example of
Advanced Oxidation Technology (AOT). The term "Advanced Oxidation
Technology" (AOT) was inspired by the fact that this procedure reduces the time
of reactions taking place in the natural environment. In fact, although AOT is
based on the same principles as those in nature, the natural break down of organic
pollutants under normal environmental conditions is much slower because of the
very low concentration of the constituents (Bolton, 2001).
UV/H2O2 treatment is a combination of UV photolysis and hydroxyl radical
reactions to degrade organic contaminants (Kruithof, Kamp et al. 2007). The
introduction of the UV/H2O2 installation at WTP Andijk was meant to provide a
process able to degrade organic micro pollutants non-selectively followed by
GAC for restricting byproduct levels. During the UV/H2O2 process, contaminated
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water is spiked with hydrogen peroxide, then exposed to UV light. During this
process, compounds present in the water are degraded by either direct photolysis,
OH- radical oxidation, or a combination of the two. The oxidation is based on the
production of hydroxyl radicals formed during the photolysis of H2O2.
Characteristics of the pollutant such as UV absorbance, quantum yield, and
hydroxyl radical reaction rate constants will determine which of the two processes
plays the predominant role in degradation (Martijn, Kamp, Kruithof et al. 2007).
2.4 UV Lamps for the AOP and the Installation of MP in Andijk
UV lamps play an important role in the AOP process. By changing the mercury
vapor pressure and the applied voltage, the relative UV output can be
manipulated, leading to the variety of commercial UV systems found in the
drinking water industry. Mercury based lamp types include medium pressure,
low-pressure high output, and low pressure lamps (Ballester, 2004).
In the UV lamps milligram amounts of mercury along with an inert gas typically
consisting of argon are enclosed in a quartz tube with electrodes at each end.
Electricity applied to the lamp produces an arc and an initial discharge occurs as
the mercury is vaporized and the mercury atoms become excited (Ballester,
2004).
For medium pressure lamps, a higher energy input is applied (up to 30 kW)
causing the internal vapor pressure to increase. Medium pressure lamps operate
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between 1 and 10 atmospheres and high surface temperatures (1500 F)
(www.aquionics.com). The medium pressure lamps, also known as polychromatic
lamps, emit wavelengths from 170nm to 400nm, unlike the low-pressure lamp
with emissions at 185nm, 254nm and 312nm. The most important emission is at
254nm. Therefore, low-pressure lamps are also known as monochromatic. The
germicidal activity is between 200nm and 300nm (Ballester, 2004).
Demands and requirements of the installation usually determine the use of low-
pressure or medium pressure systems for the facility where the installation is
used. In general a low pressure (LP) lamp has an energy consumption of 600-800
W. Theoretically 45% of this energy can be converted in UV light. The energy
consumption of medium pressure (MP) mercury lamp is much higher (up to 30
kW). PWN uses 12 kW MP lamps in their installation at WTP Andijk. However,
theoretically only 18% of this energy can be converted in UV light. At this
moment mercury free lamps are under development. The energy consumption is
up to 2 kW, while the expected efficiency is around 24%. So a medium pressure
system requires fewer lamps than a low-pressure system fcr the same required
dose, but power costs are higher with medium pressure systems while
maintenance, lamp replacement, cleaning (automated wiper system), and
installation costs are lower.
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2.5 Mechanisms of Degradation: General Introduction
Several water types were analyzed to determine their influence on photolysis and
OH- radical production. A simplified kinetic model was used to accurately
compare the efficiency of the IX-UF process to CSF. Four compounds were
added to MiIIiQ water and the two water qualities. Pilot studies were completed to
determine the efficiency of the two treatment processes in terms of electrical
energy consumed (Eeo)·
2.5.1 Photolysis
Photolysis is a light dependent reaction in which molecules are broken down into
smaller products by the absorption of UV-photons without the addition of
chemicals. In order for photolysis to occur, compounds must absorb UV- light and
the absorbed energy must be higher than the energy of the bond to be broken
(Kruithof, 2002).
2.5.2 OH- Radical Degradation
Substances not absorbing UV-light are not degraded by direct photolysis and
require an alternative form of treatment. They require the addition of H2O2 for
decay. During UV/H2O2 application, added hydrogen peroxide absorbs UV light
creating oxidative OH- radicals.
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The basic principle of Advanced Oxidation Technologies, AOTs, involves the
generation of hydroxyl radicals (OH). When the OH- radicals react with organic
pollutants, the pollutants undergo a series of oxidative degradation reactions. The
result of these reactions is the conversion of the pollutants into mainly aldehydes,
ketones, and carboxylic acids (Bolton, 2008).
To bring chemical compounds to a higher oxidative state does not necessarily
mean a reaction with oxygen containing compounds; it is rather the loss of
electrons. One of the most reactive oxidizing species is the hydroxyl radical
(OH-) formed when H2O2 absorbs UV- light.
Hydrogen peroxide (H2O2) is introduced to the contaminated water prior to UV
exposure. Direct photolysis of the hydrogen peroxide generates the OH- radicals
(with a quantum yield of 1.00) that rapidly degrade the organic pollutants
susceptible to oxidation (Bolton, 2001).
H2O2 + Av 2 * OH-
When compared to other oxidation pathways, the use of OH- radicals has shown
to be the most efficient in terms of compound decay. With its high oxidation
potential the OH- radical results in very short reaction times (Lobo, IUVA).
Although other constituents within the water matrix are capable of OH- radical
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formation by irradiation of UV- light, such as nitrate, none are as effective as H2O2
(have the same quantum yield).
2.5.3 Determining UV Direct Photolysis (kd'D) and the Quantum Yield (F).
2.5.3.1 First order kinetic rate constant (kd')
By plotting the logarithmic decay of the compound vs. UV fluence the first order
kinetic rate constant (kd') can be calculated. The logarithmic plot of decay or log
degradation of the compound is expressed using the following equation:
ln(C/C0) = kd'D
Where C is the concentration in the sample after irradiation and Cb is the initial
concentration, k is the reaction rate constant for photolysis, where D stands for
UV-dose.
A first-order rate constant is a measure of the rate of decay due to direct exposure
to UV light without the influence of OH- radicals. From the slope of the ln(C/C0)
against the UV-dose plot, the "dose or fluence based rate constant" can be
obtained. Because the slope is based on UV dose opposed to irradiation time,
results are independent on experimental parameters. Each compound or
micropollutant will yield its own unique reaction rate.
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As mentioned above, micropollutant decay must be plotted against UV-dose to
determine the rate constants. The UV dose, also known as fluence, is defined as
the total radiant energy of all wavelengths passing from all directions through an
infinitesimally small sphere (Bolton, 2001) and will vary based on the individual
collimated beam or lull-scale installation.
The fluence is given by the product of the fluence rate (also called irradiance,
photon irradiance, or photon fluence rate (Stefan, 2002)) and the UV exposure
time of a given compound. Although units are often in mWs cm"2, it is preferred
to express fluence in units of Im2 (or mJ/cm2). The fluence can be determined
based on experiments using a quasi collimated beam apparatus, in which
ultraviolet light (UV) is emitted under well defined conditions.
2.5.3.2 Quantum Yield (F )
To determine first order rate constants $Cd'D) for individual compounds (with
units of mJ/crrï2) a logarithmic plot with log degradation of the compound vs. the
corresponding fluence is created to determine the slope. The fluence based rate
constant of a compound enables to derive the quantum yield (F ). For a radiation
induced process the quantum yield is the number of times that a defined event
occurs per photon absorbed by the system. The quantum yield is measured as the
ratio of the number of moles of reactant removed (or product generated) to the
number of moles of photons (einsteins"1) absorbed by that particular reactant
(Stefan, 2002). This represents the quantum yield as a measure of the efficiency
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with which absorbed light produces some effect on the compound. Compounds do
not absorb light to the same degree. Compounds with a high UV-absorbance (e)
and a high quantum yield (F) are very susceptible to photo-degradation (Stefan,
2002).
Once the pseudo first-order rate constants for direct UV photolysis are
determined, the quantum yield can be calculated using the following equation:
? (lO*l/, )(k /D)f =Sa-—y d a)
C N , s lnflO)il, e,
Where Nitx is the lamp flux (rei) determined during Collimated Beam
experiments, ee? is the molar absorption coefficient (e M"1 cm"1) of the compound
at the irradiation wavelength, and U1 is the molar photon energy (J einstein"1) at
the irradiation wavelength ?.
The quantum yield and koH radical reaction rate constant were calculated for the
respective model compound in MiIIiQ water while the koH represents the rate
constant for H2O2. The same analytical approach was applied to the results of the
compounds spiked in CSF and IX-UF. The difference for the two water qualities
was caused by the impact ofthe background absorption on the kd'D value.
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2.5.4 Determining the amount of hydroxyl radicals produced per UV
fluence: Roh,uv model
Compounds which absorb little or no UV light and /or have a very low quantum
yield cannot be degraded by UV-photolysis and should be degraded by OH-
radical oxidation This degradation can be described by the Roh.uv model.
In addition to direct photolysis of organic micropollutants, UV photolyses H2O2 to
produce the highly reactive OH- radical. When UV hits the H2O2 molecule, it
breaks into two OH- radicals. For every photon of light absorbed by H2O2, only
one hydroxyl radical is formed. The other is lost during the process most likely
due to recombination (Rosenfeldt, 2007).
The remaining hydroxyl radicals react with constituents in the water leading to
their decay or break down. The hydroxyl radicals are non selective, reacting
quickly with most species present in the water matrix including nitrate, DOC and
H2O2 as well as the target compounds. Therefore, the water quality plays a
significant role in the production and consumption of OH- radicals available for
compound decay.
For the model compound, which is completely degraded by OH- radical oxidation,
the Roh,uv values were calculated. The Roh.uv concept is defined as the
experimentally determined OH- radical exposure per UV fluence and is greatly
influenced by the water quality (the water matrix has the potential to screen UV
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irradiation from H2O2 and scavenge OH- radicals). The model was converted from
the Roh, 03 model (developed by Von Gunten) (Rosenfe ldt, 2007).
In the case of kr'D where the total k is evaluated, T represents the incorporation of
both direct and indirect photolysis where D denotes the fluenced based rate
constant. The slope of the data set with the addition of H2O2 was used. Equation
(2) explains the direct and indirect (OH- radical) contributions to the destruction
of the compounds (C).
^1 =-{*,+*;} [C] (2)dt
Where: kd is the pseudo- first order rate constant of the compound (C) destroyed
by direct photolysis (s"1); ki is the pseudo first order rate constant of compound
(C) by indirect UV photolysis via the OH- radical mechanism (s-1). K1 is further
described by equation (3).
K — koH,probXvH\Ss (3)
Equation (4) is the result of the integration of equation (2) incorporating equation
(3), and if both sides are divided by time, equation (5) results, incorporating the
total, direct, and indirect photolysis rate constants into one equation.
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and
^\^\ = kd+kOHprobe\[OH]dt (4)
\[OH]dtkT = Kd + K-OH, probe " (5)
To normalize the kinetics of a UV system, it is important to convert time based
constants into fluence based rate constants (Bolton, Stefan et al. 2002). In this
case, dividing both sides of equation (5) by UV photon fluence rate E'p (Es L-1S"1),
converts the rate constants, and results in equation 6.
k ,
OH,probe \\OH ]dt
? t K d - E (6)
The superscript "D" denotes the rate constants is a "fluence-based" rate constant,
with units of m2 J"1. UV photon fluence (H'p) is simply the product of average
fluence rate (E'p) and time, so upon rearrangement of equation (6), Roh,uv (mol s
Es"'),can be determined (equation 7).
\[OH]dt kT'D-kd<D
koh,uv - ~ - , (7)
¦" ? K OH,probe
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To calculate Roh.uv (eq 7), kd'D was subtracted from kT'D and then divided by
k OH,probe
Therefore, comparing the photolytic degradation (kd'D) and the overall scavenging
factor (Roh.uv) of the compounds in the different water qualities, one can
determine which pretreatment produces the greatest photolytic and OH- radical
reaction rate efficiency, establishing the efficiency of the UV/H2O2 process.
2.5.5 Electrical Energy Consumption Eeo
Both direct photolysis and the OH- radical oxidation process consume energy.
Usually this is the defining factor in operating costs of advanced oxidation
treatment (AOT) systems (Bolton, 2008). The Electrical Energy per Order (EEo)
is defined as the electrical energy dose (kWh/m3) necessary to reduce the
concentration of a pollutant by one order or magnitude Eeo = kWh/order/m3.
2.6 Impact water matrix on UV/H2O2 treatment
Hydrogen peroxide is a weak absorber throughout the UV range, especially near
the output of a low pressure lamp (Rosenfeldt, 2007). Therefore absorption of the
water matrix is very important for the amount of UV photons absorbed by
hydrogen peroxide, and eventually, the amount of OH- radicals formed by the
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UV/H2O2 process. The rate of OH- radical formation is directly proportional to the
fraction of UV energy absorbed by hydrogen peroxide (Rosenfeldt, 2007).
Both nitrate and DOC play a dominant role when using UV technology and the
Advanced Oxidation Process (AOP) (Upelaar, 2002). H2O2 absorbs photons when
exposed to UV radiation with a wavelength < 260nm, however, nitrate and DOC
also absorb photons at this wavelength therefore acting as a competitor for UV
absorption by H2O2 (Upelaar, 2002). Nitrate results in production of hydroxyl
radicals as well, but the quantum yield is significantly lower than the quantum
yield of H2O2 (Sharpless, 2003). The competition can be overcome either by
introducing higher doses of H2O2 or reducing the nitrate and DOC levels during
pretreatment. Because H2O2 becomes its own scavenger at high concentrations
(Shemer, Linden et al. 2006) and excess H2O2 must be removed afterwards
through GAC, the removal of nitrate and DOC is a more favorable approach.
The most significant OH- radical scavengers in the water are once again dissolved
natural organic matter (DOC), nitrate and also, to a lesser extent, carbonate-
bicarbonate ions. The presence of these constituents in the water matrix compete





The experimental design was organized in three stages:
1 . Predict the impact of water quality on photolysis and the OH- radical
formation.
2. Complete bench scale Collimated Beam experiments calculating rate
constants (k'd), quantum yields (F), and Roh,uv·
3. Complete pilot scale studies calculating Eeo
3.2 Characterization of water qualities: jar test apparatus
Bench Scale experiments required small volumes of IX-UF treated water. For the
preparation of IX-UF, raw water was collected from Ijssel Lake after
microstraining at WRK-III. The ion exchange resins used were supplied by Rohm
& Haas (R&H) and Orica (MiEX). The volume of ion exchange resin added to the
raw water was determined to attain a water matrix comparable to the pilot
experiments. In order to reach the same UVT and nitrate concentration, 8 g/L of
MiEX and 25g/L of R&H resin were added to jar mixing containers with a
volume of 1.7L per container. Water was stirred for 20 min at 200 RPM after
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settling and filtered through a "coffee filter" to remove any resin that had not
settled. UV scans of the water were made using a spectrophotometer (Hach Lange
CADAS DR5000) and nitrate concentrations were measured.
Both the prepared IX water as well as the CSF water collected from WRK-III
were sent to the laboratory to characterize their water matrix. The two water
qualities were analyzed for NOM, HCO3", CO32", DOC and TOC after which DC
was ultra- filtered using a 0.45 urn membrane filter. At the laboratory, the water
was divided into two separate samples. Both IX-UF and CSF water were spiked
with 500 ppb 1,4-dioxane and 500 ppb NDMA, 25ppb atrazine and 25ppb
bromacil.
UV scans from 200-300 nm were recorded for raw IJssel Lake water (micro
strained at WRK-III) as well as CSF treated water and IX-UF treated water.
3.3 Collimated Beam apparatus : Medium Pressure lamps
Collimated Beam experiments offer accuracy and repeatability as well as a level
of control over conditions that become challenging at pilot scale and even more so
at full scale. By using a collimator, a radiation field can be quantified with
accuracy using a radiometer and the proper sensor (Gerba, 2003). Collimated
Beam experiments offer reproducibility with UV radiation intensity uniformly
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Figure 2: UV Collimateti Beam Apparatus
Experiments were carried out using a Trojan 2.8 kW Medium Pressure Collimated
Beam (MPCB) apparatus. Comparable UV Collimated Beam Apparatus as
developed by Calgon is presented in Figure 2. Dose (lamp intensity ? time) was
calculated according to a spreadsheet supplied by Trojan Technologies. The
spreadsheet was specifically calibrated for the Medium Pressure Collimated Beam
apparatus used at PWN. The spreadsheet used a mathematical model to correct for
the spectrum of light, radiometer sensitivity, Petri factor, absorbance and the
depth of the sample.
The Petri factor was calculated by recording radiometer readings along the grid
lines marked on top of the stir plate under the collimator. The sensor was placed
along the grid lines and measurements were made every 5mm along the X and Y
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axis. The height of the sensor was the same as the height of the samples
irradiated. The results were used to produce an irradiance distribution map using
an additional spreadsheet provided by Trojan.
Samples with a volume of 400 ni spiked water (either CSF or K-UF) were
prepared each with the following H2O2 concentrations; 0 ppm, 6 ppm, and 15
ppm. Measurements with four irradiations were carried out for each H2O2
concentration. UV Doses were OmJ/cm2, 300mJ/cm2, óOOmJ/cm2, and
1 20OmJZCm2. This resulted in a total of 12 collimated beam experiments per water
quality.
The absorption spectrum in the 200-300nm range was recorded for water qualities
at different stages throughout their preparation. For example for the IX-UF
treatment measurements were carried out for raw water, after rapid mixing with
resin and sedimentation (refer to jar test methods for preparation of the IX-UF and
CSF water qualities), after filtration (0.45nm filter) and after spiking with
indicator compounds.
Irradiation times were determined using UV scans of spiked water qualities in
conjunction with radiometer readings. The crystalline petri dish was filled with
8OmL of solution until the meniscus layer exceeded the height of the rim. A
quartz lid was placed on top of the full dish to prevent the introduction of air
bubbles. This technique was developed to prevent volatilization of 1,4-dioxane.
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3.3.1 Calculated Irradiation Times
Trojan Technologies supplied the spreadsheets used to determine UV dose
calculations. The 'MPUV Dose actinometry files' were developed based on the
sensor calibration factors determined by International Light for the Trojan IL
1700 Radiometer with the SED240/W detector. The irradiation time was
accurately monitored for each sample with a stopwatch, and the UV dose
delivered to the solution properly calculated using the Excel files provided.
3.3.2 UV Scans
UV scans were recorded for each water quality using a CADAS 200, Dr. Lange
Spectrophotometer in a 1cm quartz cuvette (LZP332 Dr. Lange). The UV scan
was also included in the Trojan spreadsheet to calculate irradiation times. UV
absorbance at 254nm was used to determine UV transmittance (%), or UVT for
each water quality. The UVT is the percentage of light able to pass through the
water sample impacted by the absorption and scattering properties of the water
being analyzed (Ballester, 2004).
3.3.3 UV Log Degradation Kinetics
A dose response to UV is expressed as the proportion of the compound degraded
in log scale as a function of UV dose (mJ/cm2) in linear scale (Ballester, 2004).
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When data is fitted with a linear regression a straight degradation line should be
displayed because of first order kinetics.
3.3.4 Radiometer
The irradiance readings were taken with an IL 1700 Radiometer, with a
SED240/W detector, calibrated every 2 nm within the 200-320 nm range by
International Light.
3.3.5 Ferrioxalate method
The ferrioxalate (FeOx) method was used to verify the irradiance readings from
the radiometer. Ferrioxalate actinometry is a commonly used test to determine
photon flow (einstein/s) over a wide range of wavelengths (250 nm to 700 nm).
The procedure requires the use of a photosensitive solution that generates
photoproducts with a known quantum yield when light is absorbed. Protocol for
the Ferrioxalate Actinometry Experiments can be found in appendix A.
3.4 Pilot Studies
The main objective of the pilot experiments was to develop a kWh/m3 vs. log
degradation for the four compounds in the two water qualities under review in
order to establish the electric energy per order (EEo)· To reach the varying levels
of kWh/m3, the lamp power levels as well as the flow rate were varied by altering
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these process conditions, energy imputs could be reached ranging from
0.31 kWh/m3 (60% power, 20 m3/hr), to 1 kWh/m3 (100% power, 10 m3/hr).
Water samples were collected from influent and effluent ports during pilot
experiments and analyzed for the four compounds, nitrate and DOC. A
preliminary analysis of the four indicator compounds was completed to determine
the influence of direct photolysis. The four compounds were diluted individually
with MiIIiQ water at concentrations of -30 mg/L (0.5 ml/50 ml) and UV scans
were completed using a CADAS 200 Dr. Lange Spectrophotometer.
At the start of each pilot experiment, the empty, influent tank was spiked with a
H2O2 concentration of 0, 6, or 1 5ppm and filled with the desired water quality.
The H2O2 concentrations for each tank experiment are listed in appendix (B)
showing tank parameters for each series. When the tank was half full (~ 3600 L),
the concentrated stock solution of the four indicator compounds was added to the
tank. The tank was then filled to a maximum volume of 7.2m3 with CSF or IX-
UF. Concentrations were chosen to enable a 4 log reduction of the compounds
with a residual concentration higher than the detection limit.
When completely full, the tank was closed and continued to mix using a small
pump for 1.5 hours to assure uniform mixing of the compounds and H2O2. During
mixing, the lamps were turned on and allowed a minimum of 30 minutes warm up
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time. During warm up, CSF was flushed through the reactor system to prevent
overheating of the lamps at a minimum flow of -10 m3/h.
At the start of the tank experiments, influent water for the reactor system was
switched from CSF to the influent tank. The content of the reactor system was
replaced four times with the spiked water from the tank to ensure that no CSF
water from lamp warm up time would influence samples. This was also to ensure
homogeneous conditions throughout reactor system. After the spiked water was
fed through the reactor system and samples were collected before and after
irradiation, the remaining volume was collected in the effluent tank. After the
experiment, the effluent was pumped back into the influent tank, spiked with 15
ppm H2O2, and recirculated throughout the reactor system for a minimum of 1.5
hours to degrade compounds before discharge.
Flowrates were set at either 10 mVh or 20 rrf/h. Lamp power levels were set at
60, 80, or 100%. Hydrogen peroxide concentrations consisted of three target
concentrations of 0, 6, or 15 ppm (see appendix B for more information on test
parameters for pilot studies).
3.4.1 Flow Rate
In order to produce a dose response curve for log degradation versus kWh/m3, two
flows, 10 m3/h and 20 m3/h were chosen. If a tank experiments consisted of more
than one flow rate the first experiment was carried out at higher flow, after which
the flow was decreased for the second series.
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3.4.2 Lamp Power Level
Experiments were completed using a Trojan SWIFT MP reactor. The reactor
consisted of four UV lamps each equipped with an individual sensor. Each lamp
draws 2.6kW at 100% power. This means, for the installation with a total of four
lamps, the maximum lamp power drawn at 100% is 10.4 kW. At 80% power
level, the installation draws 8.32kW and at 60%, 6.24kW.
3.5 Compounds
The four target compounds, 1,4-dioxane, JV-nitrosodimethylamine (NDMA),
atrazine, and bromacil as well as 35% hydrogen peroxide were provided by Het
Waterlaboratorium. MiIIiQ water was also prepared and supplied by Het
Waterlaboratorium.
3.6 Analyses
Analytical practices for Collimated Beam and Pilot samples can be found in the
Appendix (C-G). Sampling was based on the individual compounds under study
as well as the measured background constituents of interest. Nitrate measurements
were completed in house using the LCK 339 Dr. Lange test and was measured
using a HACH Lange CADAS DR5000 Spectrophotometer. DOC concentrations
were measured at the laboratory using water samples prepared the same day as





Water quality plays an important role in the UV/H202 process. Various water
constituents absorb UV light within the same wavelength range as the target
compounds and YkOi- These constituents within the water matrix are influencing
direct photolysis (both target compounds and H2O2) and therefore degradation of
the targeted compounds. In addition, competition for UV absorption between the
hydrogen peroxide and the constituents present in the water matrix reduces the
generation of OH- radicals. These constituents present in the water matrix are also
consuming OH- radicals instead of reacting with the target compounds. This
process is known as scavenging. Scavenging is responsible for the reduced
oxidation of the targeted compounds dependent on OH- radicals for degradation.
Therefore the efficiency of photolysis and the oxidation process is dependent
upon the level of constituents in the water matrix.
The objective was to characterize the water matrix of the water qualities and
determine the impact of background absorption on compound degradation and
OH- radical production.
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4.2 Selection Model Compounds
4.2.1 Selection of NDMA to characterize degradation by photolysis
N-Nitrosodimethylamine (NDMA), is classified as a B2 carcinogen and when
released into soil is highly mobile through groundwater transportation. It was
formerly used in the production of rocket fuel, antioxidants, and softeners for
copolymers. NDMA is also a byproduct of chlorination and chloramine
disinfection at wastewater treatment plants. NDMA has a high absorption of UV
within the UV spectral range 200-260nm and a high quantum yield. The
compound was chosen for this study because degradation is almost entirely due to
photolysis showing little degradation by OH- oxidation (Stefan, Bolton et al.
2002). NDMA in drinking water systems is broken down using photolysis by UV
exposure in the 200 to 260nm wavelength range.
4.2.2 Selection of 1,4-dioxane to characterize OH- radical degradation
USEPA has listed 1,4 dioxane as a probable human carcinogen based on the
results of animal studies, but little information is available on the long-term
effects on human health. 1,4 dioxane can be found as a solvent in paints,
varnishes, lacquers, cosmetics, deodorants, cleaning and detergent preparations,
and in scintillating fluids. Literature searches also indicated the potential for use
as a solvent in the processing of crude petroleum, petroleum refining,
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petrochemicals, pulp and paper, explosives, commercial printing,
electroplating/polishing, pesticide and agricultural manufacture, dyes, fiber
manufacture, pharmaceuticals, adhesives, semiconductors, electronic components,
photographic equipment, magnetic recording media, polymers, plastics, rubber
manufacture, and organic and inorganic chemical manufacture. 1,4-Dioxane often
has been used with chlorinated solvents, particularly 1 , 1 , 1 -trichloroethane, as a
stabilizer and corrosion inhibitor. 1,4-dioxane does not absorb UV light, so it
cannot be degraded by photolysis.
1,4-dioxane absorbs poorly onto granular activated carbon and does not
biodegrade easily. The use of AOPs has shown to be a successful treatment
approach. 1 ,4-dioxane was chosen for this study because degradation is entirely
due to hydroxyl radical oxidation.
The degree to which 1,4-dioxane degradation occurs in each of the two water
qualities, CSF and IX-UF compared to raw water, can act as an indicator to
determine the influence of the water matrix on OH- production and OH- radical
scavenging.
4.2.3 Selection of atrazine and brotnacil to evaluate mixed degradation
Atrazine and bromacil are degraded by both direct photolysis as well as the OH-
radical reactions (Kruithof, Kamp et al. 2007). Atrazine is more receptive to direct
photolysis therefore supporting results for NDMA while bromacil is closer to 1,4-
dioxane degradation with greater decay due to the introduction of OH- radicals.
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4.3 Bench scale CoUimated Beam Experiments
By calculating the quantum yield, direct UV photolysis reaction rate constant,
hydroxyl radical rate constant, and the Roh,uv scavenging term determined by
CoUimated Beam experiments, from UV dose response relationships, the impact
of the water qualities on the efficiency of the UV/H202 process can be
determined.
CoUimated beam experiments were completed to address the following
objectives:
• Determine the response to photolysis and hydroxyl radical oxidation from the
target compounds independent of competition with background constituents by
using spiked MiIIiQ water.
• Develop dose response curves for the model compounds using spiked solutions in
CSF and G?-UF at varied H2O2 concentrations to determine the effects of the
water quality on UV fluence (mJ/cm2).
• Determine the UV fluence-based rate constants of the compounds as well as the
quantum yield.
• Calculate scavenging factor (Roh,uv) at different H2O2 concentrations using CSF
and IX-UF water.
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A kinetic approach was used to develop dose response curves and determine the
kd'D for model compounds in MiIIiQ, CSF, and IX-UF water.
The first-order rate constants are often given in units of time, however, unless
several parameters of the photolysis experiments (eg., irradiance, absorbance path
length, etc.) are given, these "rate constants" have little meaning and are difficult
to reproduce in another laboratory (Stefan, 2005). Therefore, "rate constants" that
are fundamental have been developed that are related to the UV dose (fluence).
Dose response relationships were plotted for the four model compounds in MiIIiQ
water at varied H2O2 concentrations. MiIIiQ water was used to eliminate the
influence of background absorption or OH- radical scavenging. Results at Oppm
H2O2 were used to evaluate the impact of photolysis on compound decay and
introduction of H2O2 was used to determine the influence of OH- radical
oxidation. NDMA was used as an indicator of photolysis, 1,4-dioxane as an
indicator of OH- radical oxidation, and atrazine and bromacil were used as
compounds degraded by both mechanisms ("mixed degradation").
Dose response curves were also plotted for IX-UF and CSF with natural log vs.
UV fluence (mJ/cm2).
Photolytic decay was measured using pseudo- first order rate constants for direct
UV photolysis (kd'D). The kd'D values for the compounds were directly related to
the quality of water. The water quality, in which the highest kd'D was achieved
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was most susceptible for direct UV photolysis with MiUiQ showing the highest
efficiency.
The pseudo-first order rate constant for NDMA decay by direct UV photolysis
(kd'D) was determined by the slope of the data set where H>C>2 concentrations
were Oppm in MiIIiQ water. Results for 1,4-dioxane at 6ppm and 15 ppm H2O2 in
MiIIiQ water were used to determine the OH radical reaction rates for this
compound.
4.4 Pilot Scale Experiments
The pilot studies were performed under the same conditions as the collimated
beam experiments using the same water quality as well as the same lamp spectral
power distribution conditions. Using concepts developed by Stefan and Bolton,
steps were taken relating the quantum yield and molar absorption coefficients to
the Electrical Energy per order (EEo)· Both NDMA and atrazine were used to
evaluate the impact of water quality (i.e. IX-UF vs. CSF) on Ee0- Steps were also
taken relating the Roh.uv to Ej=o using 1,4-dioxane and bromacil to evaluate the







Several analyses were completed to compare the water matrix of CSF and IX-UF
to the initial raw water quality. First, the trends in nitrate and DOC concentrations
in raw, CSF and IX-UF water qualities were measured (Tables 1 through 3).
Results were used to compare the impact of both pretreatments on initial raw
water concentrations.
Second, scans for raw water, CSF and IX-UF at minimum and maximum annual
nitrate concentrations were plotted together with similar concentrations in milliQ
water. Results were used to visually show the impact of nitrate on UV absorption
for each of the water qualities (Figures 3, 4 and 5).
Third, the molar absorptions of the four indicator compounds as well as hydrogen
peroxide were scanned in the 200 to 300nm range and compared to the absorption
of nitrate, DOC (Figures 6, 7 and 8). Overlap in absorption spectra indicated
40
competition for the four compounds and the degree to which hydrogen peroxide
competes with nitrate and DOC.
Another approach involved calculating the fraction of UV light absorbed by FbO2,
for different wave lengths (table 5 abc), DOC and nitrate in MiIIiQ, raw water,
CSF and IX-UF pretreated water. The background absorption by the three water
qualities was used to determine the impact on the conversion of IiO2 by UV
photolysis (table 6).Finally the absorbed photon flow was calculated for IiO2,
NO3 and NOM both in absence (table 7a) and presence of the model compounds
(table 8a). The calculated absorbed photon flows were normalized to a total
absorption of 100% (table 7b, 8b).
The absorbed photon flow was determined by calculating the overall fraction of
light absorbed in 5nm bands using UV scans measured from 200-300nm. UV
scans were measured for each of the water qualities. The fraction of light
absorbed was then calculated as a photon emission weighted average over the
spectral wavelength (200-300nm). Using a spreadsheet modeled after the one
found in Bolton's Ultraviolet Applications Handbook, Second Edition, Table 5,
absorption of individual components can be calculated even in the presence of
background absorption from the different water qualities.
41
5.1.2 Importance of matrix for UWH2O2 application
5.1.2.1 Analysis of matrix constituents
Much is known about the influence of UV absorption from background
constituents on the advanced oxidation process. Measuring DOC and nitrate
content before and after pretreatment gives insight how pretreatment influences
the UV/H2O2 process.
Nitrate and DOC content were analysed during one year period for water qualities
raw, CSF treated, and IX-UF treated water. Results are summarized in Table 1
through Table 3.
Table 1: Characterization of raw water quality
Raw water Minimum Maximum Mean concentration
NO3" [mg/L] 0.72 14.4 7.6
DOC [mg/L] 6.7 6.3 6.5
Table 2: Characterization of CSF water quality
CSF treated water Minimum Maximum Mean concentration
NO3" [mg/L] 0.90 13 6.95
DOC [mg/L] 4.2 4.2 4.2
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DOC levels were constant over the year. Minimum nitrate levels were found in
winter, the highest levels were recorded during the summer. A difference of
approximately 5mg/L nitrate was recorded between the mean concentration in raw
water and IX-UF. The nitrate levels of raw water and CSF were in the same order
of magnitude. This means CSF did not lower annual nitrate concentrations while
FX-UF lowered nitrate content from raw water by roughly 72%. The average
reduction in DOC concentration from raw water to CSF was approximately 35%,
consistent with earlier measurements at PWN. IX-UF lowered DOC content from
raw water by roughly 85%.
5.1.2.2 Absorbance of matrix constituents
Table 4 shows the difference in UV transmittance between CSF treated water, IX-
UF treated water and raw water.




The UV transmittance at 254nm for raw water was 69%, for CSF 83% while IX-
UF showed a UVT of 93%. So UV transmittance (254nm) is increased by 14%
for CSF and 25% for IX-UF from the initial raw water transmittance. After IX-UF
11% more UV light is available for absorption by the targeted compounds and
H2O2 compared to the currently applied CSF treatment.
UV scans for raw water, CSF treated water and IX-UF treated water and the
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Figure 5: UV scan of IX-UF treated water and reconstituted water
Figures 3 through 5 show nitrate's strong contribution to the overall UV
absorption for each water quality. Especially at wavelengths shorter than 240nm,
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the absorption of nitrate becomes very significant. Results show similar levels of
nitrate are found in raw water and in CSF (Figures 3 and 4) revealing the
inefficiency of CSF to remove nitrate.
The reconstituted waters were produced by dissolving nitrate in milliQ water at
concentrations measured in the three water qualities being observed. The natural
raw, CSF, and IX-UF waters were compared to the reconstituted samples giving
insight on how much NO3" contributed to the overall absorption.
Figure 5 shows the impact of nitrate removal by IX-UF on the UV absorbance.
The differences in reconstituted scans and those of the natural waters taken with
the same concentration of nitrate are primarily caused by the DOC content ofthe
natural waters.
Therefore, in conclusion, raw water shows a high absorbance which is
unfavorable for UV treatment. CSF offered slightly more favorable conditions
due to lower absorbance by DOC removal with no impact on NO3". IX-UF
showed by far the lowest absorbance caused by DOC and NO3" removal resulting
in the most favorable conditions for UV treatment.
To quantify the influence of DOC on background absorption, DOC absorbance
was measured in milliQ water for various concentrations (see figure 6).
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Figure 6: UV scans of DOC in MiIIiQ at 1, 2, 3, 4, and 5 mg/L
When related to Figures 3 through 5, DOC strongly contributes to the differences
between UV absorption of the water qualities and the corresponding nitrate
concentrations in MiIIiQ water. This supports the finding that both nitrate and
DOC are strong contributors to UV-absorbance. This accentuates that to improve
the UV/H2O2 process, in view of absorbance pretreatment should focus on nitrate
and DOC removal
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5.1.2.3 Impact matrix absorbtion on H2O2 absorbance


















Figure 7: UV scans OfH2O2 in MilliQ at 2, 5, 12 mg/L
The results show that hydrogen peroxide absorbs UV-light at the same wave
lengths as the water matrix. The absorption of UV- light by hydrogen peroxide is
low, even at the highest hydrogen peroxide concentration Nitrate absorbance
(included in Figure 7) is much stronger than hydrogen peroxide absorption,
48
especially at wavelengths lower than 260 nm. Figure 8 compares the UV
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Figure 8: UV scans OfH2O2, NO3", and DOC in MiIIiQ at 5 mg/L
Figure 8 shows that NO3" DOC and H2O2 absorb UV in the same range, NO3"
having the highest absorption, especially at low wavelengths. At 254nm,
absorption is low for both H2O2 and NO3".
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5.1.2.4 Molar absorption coefficients of model compounds
The molar absorption coefficients of the applied model compounds NDMA,















Figure 9: Molar absorption of model compounds in MiIIiQ water
Figure 9 shows a low molar absorption coefficient for 1,4-dioxane. NDMA,
atrazine, and (to a lesser extent) bromacil were susceptible to UV absorption
especially below 260nm. It should also be noted that the three compounds
50
NDMA, atrazine and bromacil absorb UV light at the same wavelengths as DOC
and NO3".
Results are supported by similar findings by Stefan and Bolton (appendix H).
Atrazine is impacted by photolysis in the lower wavelengths. Bromacil shows UV
absorption within the lower (< 230nm) and higher (260 to 290nm) part of the
spectrum. The absorbance in the ?<230 nm range is not relevant for photolysis
because of the high absorbance by water itself. 1,4-dioxane as expected did not
absorb confirming that photolysis is not an appropriate type of treatment. Figure 9
also supports the use of 1 ,4-dioxane (and bromacil to a lesser extent) as indicators
for OH radical oxidation. Minimal absorption, if any supports the fact that direct
photolysis is irrelevant to 1,4-dioxane decay and restricted for bromacil.
Higher concentrations of the background constituents NO3" and DOC will
increase the competition for photolytical degradation of model compounds as well
as H2O2. UV absorption of NDMA and atrazine occurs within the same UV
spectrum as NO3" and DOC. Hydrogen peroxide also absorbs UV light within the
same UV spectrum, but has a much lower molar absorbtion coefficient compared
to the model compounds. Therefore high H2O2 concentrations are required for
hydroxyl radical oxidation of NDMA, atrazine and bromacil. It is important to
remember that H2O2 will become its own scavenger at very high concentrations,
so this restricts the H2O2 dose which can be added (Rosenfeldt, 2007). Results
support the theory that the pretreatment producing a water with the lowest
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concentration of NO3" and DOC will favor photolysis and the production of OH-
radicals.
5.1.2.5 Impact background absorption on availability of UV-light for H2O2
For concentrations of NO3", DOC, and H2O2 measured in the three water qualities,
scans were replicated using the individual constituents in MiIIiQ water (Table 5
(a)(b)(c)). This was completed in order to calculate the absorbed UV by H2O2
relative to the total absorbed UV for the three water types at four wavelengths
(200 nm, 220 nm 240 nm and 254 nm). For each water quality, the percent UV
absorbed by H2O2 relative to the total UV absorbed was determined giving insight
on the effects of background absorption on the OH- radical production (Table 6)
and the impact of pretreatment.
Table 5: Absorbance by 6 mg/L H2O2, NO3 and DOC in MiIIiQ
representative for (a) raw water (b) CSF treated water and (c) IX-UF treated
water at wavelengths 200, 220, 240 and 254 nm.
(a)


























































































































200 nm 220 nm 240 nm 254 nm
raw water 3.0% 3.5% 4.0% 2.5%
CSF treated water 3.2% 4.1% 5.4% 3.6%
IX-UF treated water 9.8% 12.3% 19.7% 12.9%
In the exercise presented in table 5 and 6 data for four wavelength 200 nm, 220
nm, 240 nm and 254 nm are presented. It should be noted that the gathered data
are not relevant for practice for the wavelengths 200 nm and 220 nm. In that
wavelength area water itself is a very strong absorber. At a wavelength of 240 and
254 nm water itself is not absorbing at all. Therefore these data only are used for
conclusions related to a practical UV application.
Raw water showed the highest background absorption with CSF offering similar
results (Table 5 a,b). IX-UF had the lowest absorbance and was most favorable in
terms of availability of UV for H2O2 (table 5c).
Table 6 shows that UV absorption of hydrogen peroxide at 240 nm was much
higher than at a wavelength of 254 nm. For IX-UF treated water tie 12.9%
absorption by 6 mg/L FfeCh at 254 nm increased to 19.7% at a wavelength of 240
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nm. So, the production of OH- radicals at the lower wavelength (240 nm), is
favoring the use of MP lamps (refer to Section 2.4, pg 13).
Reduced levels of nitrate and DOC increase UV absorption of H2O2 for both
wavelengths. This supports the significance of NO3" and DOC removal to
archieve the most effective AOP. Di-UF with the lowest background absorption
results in the most effective process.
5.1.2.6 Photon flow absorbed by matrix, model compounds and H2O2
Since photo-degradation is related to photon absorption, it is important to
determine the photon flow absorbed by each component relative to the total
absorbed photon flow. The fraction of UV light absorbed by NDMA, 1,4-dioxane,
atrazine, bromacil, H-O2, as well as by the two background constituents, nitrate
and DOC, were calculated. This technique of calculating individual contributions
to the total fraction of light absorbed indicates the effectiveness of the UV/H202
treatment for the individual compounds for the different water qualities.
Determining the percent photon absorption for each water quality gives more
insight in the impact of pretreatment.
Concentrations of NO3" and DOC were based on the average water qualities for
raw, CSF and IX-UF. The measured concentrations were duplicated in MiIIiQ
water to mimic the concentrations found in the raw and pretreated waters. These
water qualities were also spiked with either H2O2 (6 mg/L) only or with H2O2 (6
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mg/L) together with 1,4-dioxane (0.2 mg/L), NDMA (0.5 mg/L), atrazine (0.025
mg/L), and bromacil (0.025 mg/L).
The absolute photon flow for hydrogen peroxide, nitrate and NOM in target
compound free water are presented in table 7a for the three reconstituted water
types. The corresponding normalized photon flows for a total UV absorbance of
100% are given in table 7b.
The absolute photon flow for hydrogen peroxide, nitrate, NOM and the four target
compounds are presented in table 8a for the three reconstituted water types. The
corresponding photon flows for a total UV absorbance of 100% are given in table
8b.
Table 7a: Photon flow absorbed by H2O2, nitrate and NOM in raw, CSF and
IX-UF treated water spiked with H2O2
% Fraction absorbed with compounds not
included raw CSF IX-UF
calculated % total photon flow absorbed 52.97% 43.73% 22.78%
% photon flow absorbed by TbO2 2.11% 2.11% 2.11%
% photon flow absorbed by NO3" 18.75% 18.75% 8.42%
% photon flow absorbed by NOM 32.11% 22.88% 12.25%
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Table 7b: Photon flow absorbed by H2O2, nitrate and NOM in raw, CSF and
IX-UF treated water spiked with H2O2, normalized to 100% total absorption
% Fraction absorbed with compounds not
included raw CSF IX-UF
% photon flow absorbed by H2O2 4J5% 4Ì8% 9.3%
% photon flow absorbed by NO3" 35.4% 42.8% 37.0%
% photon flow absorbed by NOM 60.6% 52.4% 53.7%
Table 7a and b show the highest photon flow for NOM followed by nitrate.
Compared to the photon flow of NOM and nitrate the photon flow for H2O2 is
relatively low. There is only a small increase in photon flow absorption for H2O2
by CSF treatment. IX-UF treatment gives a significant increase in photon flow
absorbed by H2O2. In table 7b it can be seen that only 4.0-9.3% of the total
absorbed photon flow is utilized for OH radical production.
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Table 8a: Photon flow absorbed by H2O2, nitrate, NOM and target
compounds in raw, CSF and IX-UF treated water spiked with H2O2 and
target compounds.
% Fraction absorbed including
absorption by model compounds
calculated % total photon flow
absorbed
% photon flow absorbed by I-fe02
% photon flow absorbed by NO3"
% photon flow absorbed by NOM
% photon flow absorbed by 1 ,4-
dioxane
% photon flow absorbed by NDMA
% photon flow absorbed by ATZ





























Table 8b: Photon flow absorbed by H2O2, nitrate, NOM and target
compounds in raw, CSF and IX-UF treated water spiked with H2O2 and
target compounds, normalized to 100% total absorbtion.
% Fraction absorbed including
absorption by model compounds
% photon flow absorbed by H2O2
% photon flow absorbed by NO3"
% photon flow absorbed by NOM
% photon flow absorbed by 1 ,4-
dioxane
% photon flow absorbed by NDMA
% photon flow absorbed by ATZ

























Table 8a and b confirm the results from table 7a and b. Photon flow for NOM is
highest, followed by nitrate. Photon flow absorption for H2O2 is relatively low but
increases from raw water to IX-UF by a factor of about 2.
Table 8b shows that from the model compounds normalized photon flow
absorption by NDMA (5.9 - 12.4 %) is highest and even higher than the photon
flow absorbed by H2O2 (3.8 - 8.0 %). This accentuates the susceptibility of
NDMA for photolysis. The photon flow absorption by atrazine (0.5 - 1.1 %) and
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bromacil (0.2 - 0.5 %) are significantly lower. This accentuates the decrease in
susceptibility for photolysis from NDMA to atrazine to bromacil. However it
should be noted that the NDMA concentration is a 20 fold higher than the atrazine
and bromacil concentration. Photon flow absorption by 1,4 dioxane is zero. This
once more shows that no photolysis of this compound will occur.
The photon flow absorption in raw and CSF treated water is roughly the same for
all constituents. This once again shows the small impact of CSF treatment on
absorption of UV light. However the impact of IX-UF treatment is very
significant. Compared to raw and CSF treated water, the photon flow absorption
for both FÌO2 and model compounds (except for 1,4 dioxane) roughly doubles.
This once more accentuates the importance of an advanced pretreatment realizing
a significant decrease in nitrate and NOM content.
5.1.3 Summary and conclusions of analytical part
From the analytical set up described in section 5.1, the following conclusions can
be drawn:
• Major matrix constituents are nitrate and NOM. There is a strong seasonal
variation in nitrate content, NOM content is constant over the year. CSF
treatment shows a significant removal of NOM (DOC), are achieved by
G?-UF treatment.
• As expected UV absorbance 254 nm is highest for raw water, followed by
CSF and IX-UF treated water. The same can be seen from UV-scans 200-
300 nm. Comparing scans for the three natural water types with
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reconstituted water with nitrate only show that both nitrate and NOM are
major absorbers.
Scans for H2O2, NOM and nitrate show that H2O2 is a much weaker
absorber than the matrix constituents.
Scans for the target compounds NDMA, atrazine and bromacil show that
these compounds are absorbing in the 200-300 nm range therefore are
susceptible for UV photolysis. 1,4 dioxane does not absorb UV light and
therefore is not degraded by photolysis at all.
As already seen from the UV spectra matrix absorption plays an important
part. The lower wavelength part (200-220 nm) is not relevant for UV/H202
treatment because of the strong absorption by water itself. The 240-254
nm wavelength is important. Absorption of H2O2 at 240 nm shows to be
significantly higher than absorption at 254 nm. This favors MP UV
lamps. In addition the relative absorption increases from raw water to CSF
treated water, with highest values for IX-UF treated water.
Finally the data can be used for the calculation of the photon flow. As
expected nitrate and NOM show the highest photon flow absorption with a
relatively low photon flow for H2O2. This once again accentuates the
importance of pretreatment. Of the target compounds NDMA shows the
highest photon flow absorption, followed by atrazine and bromacil. 1,4
dioxane shows no photon flow absorption at all. This once again
accentuates the susceptibility of NDMA for UV photolysis and the need
for an alternative degradation for 1,4 dioxane.
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Summarizing it can be said that analysis of the matrix, measurement of UV
absorbance, UV scans and photon flow determination give lot of information
about the feasibility ofUV/H202 treatment and the impact of pretreatment. Major
absorbers are nitrate and NOM, so removal of these constituents are very
important for the economics of the UV/H202 process. CSF gives a partial NOM
removal, IX-UF shows a higher removal for both NOM and nitrate. Of great
importance is the absorbance of UV light by the target compounds and FI2O2. A
strong absorbance of the target compounds by H2O2 gives rise to a degradation by
UV photolysis. A strong absorbance by FtO2 gives rise to a strong OH radical
oxidation, important especially for compounds not absorbing UV light. Both UV
scans and photon flow absorption calculation will provide this information.
5.2 Collimateti Beam experiments
5.2.1 CB experiments in MiIIiQ water
Degradation rates of the four compounds for the UV/H202 process in MiIIiQ
water were determined bench scale. A plot of In (C/C0) versus UV dose (mJ/cm2)
was completed for each of the four compounds in MiIIiQ water (Fig. 10
(a)(b)(c)(d). The pseudo first order rate constants are represented by the slope of
the straight line passing through the origin. Results in MiIIiQ water were
produced to evaluate the impact of direct photolysis and the OH- radical oxidation
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? 0 mg/L H202
a 6 mg/L H202
¦ 15mg/LH202
Figure 10.a: Degradation of NDMA in milliQ as a function of the UV dose
(MP UV) for different H2O2 concentrations
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Figure lO.b: Degradation of atrazine in milliQ as a function of the UV dose
(MP UV) for different H2O2 concentrations
? 0 mg/L. H202
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Figure lO.c: Degradation of bromacil in milliQ as a function of the UV dose
(MP UV) for different H2O2 concentrations
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Figure lO.d: Degradation of 1,4 dioxane in milliQ as a function of the UV
dose (MP UV) for different H2O2 concentrations
Almost the same log degradation for NDMA was reached with and without the
introduction of ??2 (Figure 1 0 a). As predicted, H>02 dosage had hardly any
effect on NDMA degradation Degradation increased significantly only when the
UV dose (irradiation time) increased. Therefore it can be said that direct UV
photolysis is the dominant process in NDMA decay.
When exposed to UV light only, no degradation of 1,4-dioxane was measured.
Only for H2O2 combined with UV light a decay was observed. Results support the
hypothesis that 1,4-dioxane was degraded by OH- radical oxidation only.
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ES 10 mg/L H202
Increased degradation of the compound directly corresponded to the availability
of OH- radicals.
Atrazine and bromacil both responded with a mixed reaction to direct UV
photolysis and OH- radical oxidation. Atrazine showed a significant response to
direct UV exposure with increased decay by the introduction of H2O2 as shown in
Figure 10 (b). Degradation already occurred at O ppm Ffe02 and increased as
irradiation times increased proving that direct photolysis is an effective treatment
for atrazine. Atrazine decay improved with the introduction of OH- radicals. This
is shown by the greatest log decay achieved when the highest concentration of
H2O2 was introduced and exposed to UV for the longest irradiation time.
Bromacil (Figure 10 c), when compared to atrazine (Figure 10 b), showed lower
degradation by direct UV radiation exposure only. Compared to atrazine, H>02
dosage had a greater effect on the decay of bromacil. Therefore, it can be
concluded that photolysis had a smaller impact on the degradation of bromacil
then OH- oxidation.
5.2.2 Collimateci Beam experiments in pretreated water: UV dose-response
relationships for NDMA, 1,4 dioxane, atrazine and bromacil for CSF and IX-UF
Bench scale experiments were completed evaluating the degradation of NDMA
and 1,4-dioxane by direct photolysis and oxidation including competition and
scavenging by background absorption MiIIiQ water was replaced with CSF or
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IX-UF and the same experimental procedure was repeated. Results for CSF and
IX-UF are compared below for NDMA and 1,4-dioxane at varying H2O2 doses.
Figure 11 (a) and (b) and Figure 12 (a) and (b) show the log degradation of
NDMA and 1,4-dioxane as a function of applied MP UV dose for a range of FbCh
concentrations in both CSF and IX-UF treated water. The data collected for
Collimated Beam experiments are plotted as logarithmic concentration versus
applied fluence (UV dose) in mJ/cm2. Once again the pseudo first order rate















O nig/L H 2(32
?! nig/L H20
* 5 nig/L H202













? O nig/L H202



















Figure 12.b: Collimated Beam results for 1,4-dioxane in IX-UF with 0, 6, and
15ppm H2O2.
The degradation of NDMA in CSF treated water (figure 11 a) and IX-UF treated
water (figure 1 1 b) were similar to the degradation observed in MiIIiQ water
(figure 10 a). Once again the impact of the HO2 dosage was restricted, showing
UV photolysis was the major degradation mechanism and hydroxyl radical
oxidation had a minor impact only.
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The UV fluence in CSF an IX-UF required to achieve the same degradation of
NDMA in MiIIiQ water was in the same order of magnitude. This is according to
the theoretical expectations. However it should be noted that in CSF and IX-UF a
higher electrical energy is needed to achieve the same UV fluence.
The degradation of 1,4-dioxane in CSF treated water (Figure 12 a) and IX-UF
treated water (figure 12 b) Wis lower than the degradation observed in MiIIiQ
water (figure 10 d). Once again there was a strong impact of the H2O2 dosage,
showing hydroxyl radical oxidation was the major degradation mechanism. In
both CSF and IX-UF treated water there was a small but significant 1,4-dioxane
degradation in the absence of H2O2. This is caused by photo induced hydroxyl
radical formation for the matrix.
Compared to the degradation in MiIIiQ water the degradation in CSF and IX-UF
treated water was lower for the same UV fluence and H2O2 dose, while the
hydroxyl radical formation should be the same. This shows the competition for
hydroxyl radical scavenging. The hydroxyl radical scavenging is stronger in CSF
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Figure 13a: Collimateci Beam results for atrazine in CSF treated waterwith
0, 6, and 16 ppm H2O2.
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Figure 13b: Collimated Beam results for atrazine in IX-UF treated water
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Figure 14a: Collimateti Beam results for bromacilin CSF treated waterwith
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Figure 14b: Collimated Beam results for bromacil in IX-UF treated water
with 0, 3, 5, 11 and 15 ppm H2O2.
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Figure 13 (a) and (b) and figure 14 (a) and (b) show the log degradation for
atrazine and bromacil. Both compounds are degraded by both UV photolysis and
hydroxyl radical degradation. For atrazine major degradation is achieved by UV
photolysis. Therefore the impact of the H2O2 is restricted although significant.
For bromacil major degradation is achieved by hydroxyl radical oxidation.
Therefore in this case there is a strong impact of the H2O2 dosage. Additional data
are needed to quantify these observations and the impact of pretreatment.
5.2.3 Simplified kinetic model for degradation of compounds in CSF and
IX-UF
The quantum yields and reaction rate constant of the target compound NDMA
were calculated for MiIIiQ, CSF and IX-UF water qualities as a means to measure
the impact of water qualities.
Table 9: Calculated Quantum Yield (F) and pseudo first order reaction rate
constants (kd,D) for NDMA in MiIIiQ, CSF, and IX-UF (H2O2 Oppm)
MiIIiQ CSF treatment IX-UF treatment
F 0.43 0.39 0.39
kd'L 4.2E-04 3.8E-04 3.8E-04
Calculations were completed using data collected from Collimated Beam
experiments and are based on the UV direct photolysis of NDMA for wavelengths
in the range of 200-300nm. From the results it can be concluded that NDMA has
a high quantum yield, so decay by photolysis plays a predominant part
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As expected, quantum yield (0,39 - 0,43 ±10%) in MiIIiQ, CSF and IX-UF
treated water is in the same order of magnitude.
Rate constants for model compounds 1,4 dioxane (table 10a), atrazine (10b), and
bromacil (10c) in MiIIiQ, IX-UF treated water and CSF treated water have been
calculated from the collimated beam results (figure 12, 13 and 14).
Table 10 a: reaction rate constants for 1,4 dioxane at 0, 5-6 and 15-16 mg/L






























Table 10 b: reaction rate constants for atrazine at 0, 5-6 and 15-16 mg/L





















pr5-6 1.0*10 2.7*10" 2.7*10
15-16 na 3.5*10" 3.2*10-4
Table 10 c: reaction rate constants for bromacil at 0, 5-6 and 15-16 mg/L
































From the results, it can be concluded that photolysis plays no role in the
degradation of 1,4 dioxane and some role in the degradation of bromacil. The
degradation mechanism for 1,4 dioxane is entirely based on OH-radical oxidation
(table 1Oa). The degradation of atrazine by photolysis is substantial and enhanced
by OH-radical oxidation (table 10b).
As expected, it was observed that iate constants for 1,4 dioxane, atrazine and
bromacil increased with increasing H2O2 concentrations. Experiments in MiIIiQ
water show the highest rate constants, followed by rate constants in experiments
with IX-UF treated water. Rate constants in CSF treated water were lowest.
5.2.4 Roh,uv Modeling for Effect of Pretreatment on 1,4 dioxane
degradation
As stated earlier, the Rqh,uv, derived by Rosenfeldt (Rosenfeldt et al. 2007) from
the Roh,03 concept by Von Gunten et al. can be defined as the experimentally
determined OH- radical exposure per UV ffuence. This modeling technique was
used to study 1,4-dioxane degradation by the OH- radical oxidation process.
Increasing the H2O2 concentration increased the production of OH- radicals. This
resulted in improved decay of 1,4 dioxane caused by the OH- radical mechanism.
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Figure 15: Roh,uv in MiIIiQ, CSF, and IX-UF as a function of the HO2
concentration for 1,4-dioxane MP UV Collimated Beam experiments.
Figure 15 shows the Roh,uv in IX-UF, CSF and MiIIiQ as a function of the FfeC^
concentrations, using the kd'D and kd'T values for 1,4-dioxane from table 10.
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MiIIiQ water at the highest concentration of H2O2 displays the greatest I^ih.uv
value. The significant difference between milliQ water results and those of the
two pretreated waters illustrates the considerable impact of the water matrix has
on Roh.uv values.
Roh.uv values were greater in IX-UF than CSF treated water further supporting
the theory that water quality plays a role in OH- radical production and
availability. Competition for exposure to UV fluence between background
constituents and H2O2 was lower in IX-UF compared to CSF. These results agree
with the observed results found for characterization of the water matrixes and our
initial predictions for the influence of CSF and IX-UF on photolysis and the OH-
radical oxidation process.
5.2.5. Summary and conclusions collimateci beam experiments
From the collimated beam experiments described in section 5.2 the following
conclusions can be drawn:
• In MilliQ water the impact of the H2O2 dosage on the NDMA degradation
is very small. Therefore the major mechanism for NDMA degradation is
UV photolysis. On the contrary the H2O2 dosage has a strong mpact on
1,4-dioxane degradation. No degradation occurs in the absence of HO2.
Therefore the mechanism for 1,4-dioxane degradation is hydroxyl radical
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oxidation. Atrazine and bromacil are degraded by both mechanisms.
Major contribution for atrazine comes from UV photolysis, for bromacil
hydroxyl radical oxidation plays a predominant part.
• In CSF and UX-UF treated water the same trends are observed. For 1,4-
dioxane already a small decay is observed without H2O2 dosage, caused by
a photo induced hydroxyl radical formation. Compared to MiIIiQ water
the conversion of 1,4-dioxane is lower caused by hydroxyl radical
scavenging by the matrix.
• Simplified modeling showed that F and kd' for NDMA were in the same
order of magnitude for all water types. For 1,4-dioxane the I^)h,uv values
were strongly impacted by the water matrix.
Summarizing it can be said that collimated beam experiments provide valuable
information about the degradation of target compounds and the degradation
mechanism. Simplified kinetic modeling and Hon, uv modeling are useful tools to
quantify the degradation by UV photolysis and hydroxyl radical oxidation.
5.3 Pilot experiments
Pilot experiments were completed to determine the Eeo for photolysis and OH-
radical oxidation Electrical Energy per Order (Eeo) is a measure of the electrical
energy, measured in kilowatt hours (kWh) required to degrade a contaminant by
one order of magnitude in 1 m3 (1000 L) of contaminated water (Bolton, 2001).
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Pilot experiments using MP UV with a range of Ffc02 dosages were completed to
determine the Eeo required to degrade NDMA, atrazine, bromacil and 1 ,4 dioxane
in CSF and IX-UF treated waters (see figure 16-19). Test parameters for pilot






Figure 16: Electrical Energy per order (E eo) for NDMA as a function of
H2O2 concentrations for CSF treated water and after IX-UF treatment (pilot
experiments).
Results in Figure 16 for NDMA confirm that at varying concentrations of H2O2 in
IX-UF, the Eeo stayed constant. This again supports the fact that the degradation
of NDMA is almost independent of H2O2 and affected slightly only by OH-
radical oxidation.
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A higher EEo was required for the degradation of NDMA in CSF than in IX-UF
with the same UV dose and concentration of H2O2. This difference in Eeo is
caused by the water matrix. The water matrix of CSF results in greater









Figure 17: Electrical Energy per order (Eeo) for atrazine as a function of
H2O2 concentrations for CSF treated water and after IX-UF treatment (pilot
experiments).
Results for atrazine show rather similar results as those found for NDMA. Figure
17 shows small differences between results found at high and low concentrations
of H2O2. There is also a significant difference due to the water matrix found in
CSF vs. IX-UF. Again supporting the results for NDMA, IX-UF reduced the Eeo
required for the decay of atrazine at similar H2O2 concentrations.
Pilot experiments using MP UV with a range of FfcC^ dosages were completed to
determine the Eeo required to degrade 1 ,4-dioxane and bromacil in G?-UF treated
waters. Similarly, pilot experiments were completed to determine Eeo
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requirements using CSF but only with a single dosage of Ffe02 (Figures 1 8 and











Figure 18: Electrical Energy per order (Ebo) for bromacil as a function of











Figure 19: Electrical Energy per order (Eeo) for 1,4 dioxane as a function of
H2O2 concentrations for CSF treated water and after IX-UF treatment (pilot
experiments).
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The varying dosages of H2O2 greatly impact the Eeo for 1,4-dioxane (Figure 19).
As the FIO2 concentration increases, Ejo declines. For higher concentrations of
H2O2 less electric energy is needed to produce the same amount of OH radicals.
Along with the results for IX-UF, the Ito of 1,4-dioxane in CSF treated water
was determined at one H2O2 dosage only (5 mg/L) . Comparing this Eeo (3.0
kWh/m3) to the Eeo in IX-UF treated water (1.4kWh/m3), shows a reduction in
energy consumption of about 50%.
Rather similar results were found for bromacil as were found for 1,4-dioxane
(Figure 18). Although bromacil is mainly degraded by OH radical oxidation,
photolysis has a significant contribution to the total degradation.
5.3.1 Summary and conclusions pilot experiments
In this research effort the pilot experiments were focused on the determination of
the Eeo of the UV/H202 treatment:
• When UV photolysis is the prevailing mechanism the influence of the
H2O2 dosage onto the EEo is restricted. So NDMA degradation is almost
independent of the H2O2 dosage, while the impact on the Eeo for atrazine
is small.
• When hydroxyl radical oxidation is the prevailing mechanism the
influence of the H2O2 dosage onto the Eeo is strong. So 1,4-dioxane
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degradation is strongly impacted by the FfcCb dosage, while the impact on
the Eeo for bromacil degradation is significant.
• Eeo is strongly impacted by pretreatment. A reduction of 50% in E20 can
be achieved by IX-UF in comparison with CSF.
Summarizing it can be said that Ezo is a strong tool to characterize the economic
feasibility of the degradation of target compounds by UV/H2O2 treatment. Eeo for
photolysis is independent of H2O2 dosage, Eeo for hydroxyl radical oxidation is
strongly dependant on H2O2 dosage. Extensive pretreatment reduces the Eeo





• Major matrix constituents impacting the UV peroxide are nitrate and
NOM. There is a strong seasonal variation in nitrate content, NOM
content is constant over the year. CSF treatment shows a significant
removal of NOM (DOC), while nitrate removal is absent. IX-UF shows a
higher DOC removal and also a significant decrease of the nitrate content..
• As expected UV absorbance 254 nm is highest for raw water, followed by
CSF and IX-UF treated water. The same can be seen from UV-scans 200-
300 nm. Comparing scans for the three natural water types with
reconstituted water with nitrate only show that both nitrate and NOM are
major absorbers.
• Scans for H2O2, NOM and nitrate show that H2O2 is a much weaker
absorber than the matrix constituents.
• Scans for the target compounds NDMA, atrazine and bromacil show that
these compounds are absorbing in the 200-300 nm range and therefore are
susceptible for UV photolysis. 1,4 dioxane does not absorb UV light and
therefore is not degraded by photolysis at all.
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• As already seen from the UV spectra matrix absorption plays an important
part. The lower wavelength part (200-220 nm) is not relevant for UV/H2O2
treatment because of the strong absorption by water itself. The 240-254
nm wavelength is important. Absorption of HO2 at 240 nm shows to be
significantly higher than absorption at 254 nm. This favors MP UV lamps.
In addition the relative absorption increases from raw water to CSF treated
water, with highest values for IX-UF treated water.
• Finally the data can be used for the calculation of the photon flow. As
expected nitrate and NOM show the highest photon flow absorption with a
relatively low photon flow for H2O2. This once again accentuates the
importance of pretreatment. Of the target compounds NDMA shows the
highest photon flow absorption, followed by atrazine and bromacil. 1,4
dioxane shows no photon flow absorption at all. This once again
accentuates the susceptibility of NDMA for UV photolysis and the need
for an alternative degradation for 1,4 dioxane.
Summarizing it can be said that analysis of the matrix, measurement of UV
absorbance, UV scans and photon flow determination give lot of information
about the feasibility of UV/H2O2 treatment and the impact of pretreatment. Major
absorbers are nitrate and NOM, so removal of these constituents are very
important for the economics of the UV/H2O2 process. CSF gives a partial NOM
removal, IX-UF shows a higher removal for both NOM and nitrate. Of great
importance is the absorbance of UV light by the target compounds and Ffc02- A
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strong absorbance of the fcrget compounds gives rise to a degradation by UV
photolysis. A strong absorbance by H2O2 gives rise to a strong OH radical
oxidation, important especially for compounds not absorbing UV light. Both UV
scans and photon flow absorption calculations provide this information.
COLLIMATED beam experiments
From the collimated beam experiments described in section 5.2 the following
conclusions can be drawn:
• In MiUiQ water the impact of the H2O2 dosage on the NDMA degradation
is very small. Therefore the major mechanism for NDMA degradation is
UV photolysis. On the contrary the H2O2 dosage has a strong impact on
1,4-dioxane degradation. No degradation occurs in the absence of HO2.
Therefore the mechanism for 1,4-dioxane degradation is hydroxyl radical
oxidation. Atrazine and bromacil are degraded by both mechanisms.
Major contribution for atrazine comes from UV photolysis, for bromacil
hydroxyl radical oxidation plays a predominant part.
• In CSF and UX-UF treated water the same trends are observed. For 1,4-
dioxane already a small decay is observed without Ffc02 dosage, caused by
a photo induced hydroxyl radical formation. Compared to MiIIiQ water
the conversion of 1,4-dioxane is lower caused by hydroxyl radical
scavenging by the matrix.
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• Simplified modeling showed that F and kd' for NDMA were in the same
order of magnitude for all water types. For 1,4-dioxane the Rqh, uv values
were strongly impacted by the water matrix.
Summarizing it can be said that collimated beam experiments provide valuable
information about the degradation of target compounds and the degradation
mechanism. Simplified kinetic modeling and Roh, uv modeling are useful tools to
quantify the degradation by UV photolysis and hydroxyl radical oxidation.
PILOT EXPERIMENTS
In this research effort the pilot experiments were focused on the determination of
the Eeo of the UV/H202 treatment:
• When UV photolysis is the prevailing mechanism the influence of the
H2O2 dosage onto the EEO is poor. So NDMA degredation is hardly
impacted by the H>02 dosage, while the impact of the EEO for atrazine
degradation is restricted.
• When hydroxyl radical oxidation is the prevailing mechanism the
influence of the H2O2 dosage onto the EEO is strong. So 1,4-dioxane
degradation is strongly impacted by the H2O2 dosage, while the impact on
the EEO for bromacil degradation is significant.
• EEO is strongly impacted by pretreatment. A reduction of 50% in EEO
can be achieved by IX-UF in comparison with CSF.
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Summarizing it can be said that EEO is a strong tool to characterize the economic
feasibility of the degradation of target compounds by UV/H2O2 treatment.
EEO for photolysis is independent of FJO2 dosage, EEO for hydroxyl radical
oxidation is strongly dependant on Fl2O2 dosage. Extensive pretreatment reduces
the EEO strongly. Compared to CSF, IX-UF can decrease the EEO by about 50%.
RECOMMENDATIONS
Characterization of the water matrix was focused on DOC and nitrate. Future
work should include parameters in the water matrix such as bicarbonate and
carbonate as well.
A first set of data is obtained for quantum yield, reaction rate constants and
Roh,uv values. More experiments are necessary in this field to produce a solid non
site specific data base.
Further research characterizing the water matrix should detail the impact of the
rX-UF treatment on UVZH2O2.
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PROTOCOL FOR THE FERRIOXALATE ACTINOMETRY
EXPERIMENTS
This protocol was supplied by PWN from Mihela Stefan. The potassium
ferrioxalate actinometer is based on the photo-reduction of iron based on the
following equation:
Fe(C204)33" + hv^ Fe2+ + 2.5C2O42" + CO2
The quantum yield of Fe2+ production is slightly wavelength dependent within the
254-384 nm range, and decreases sharply at longer wavelengths (Stephan in
protocol). The iron (II) produced is measured determining its 1,10-phenenthroline
complex at 510 nm using a spectrophotometer.
Background
An actinometer is a solution that is photosensitive, and by absorption of light
generates photoproducts with a known quantum yield. By measuring that product
generated, it is possible to determine the photon flow (einstein/s).
The potassium ferrioxalate actinometer is the 'gold'standard actinometer which is
based on the photo-reduction of iron, according to the following equation:
Fe(C204)33~ + hv > Fe2+ + 2.5 C2O42" + CO2
The quantum yield of Fe2+ production is slightly wavelength-dependent within
254-382 nm range, and decreases sharply at longer wavelengths, for example, to
0.013 at 577 nm.
The quantum yield of ferrioxalate actinometer determined at 254, 297, 302 and
313 nm is 1.25. No data is available below 254 nm. For the photon flow
measurements within 200-300 nm range, a quantum yield value of 1.25 will be
used.
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The amount of iron (II) produced is measured via spectrophotometric
determination of its 1,10-phenenthroline complex at 510 nm. The molar
absorption coefficient of the complex is 1 1,100 M"1 cm"1.
Ferrioxalate absorbs strongly the light from 200 to 600 nm. This makes it
impossible to use in the daylight (room- light); therefore, the ferrioxalate
actinometry experiments will be conducted with the red 'safety' photographic
lamps.
Solutions
All chemicals must be analytical reagent grade.
Solution A - 0.2 M Ferric Sulfate Solution in 2 N H2SO4
Weigh out 20 g Fe2(SO4^ (solid containing 21-23% Fe) and transfer it in a 200
mL volumetric flask. Add -100 mL distilled water, and mix. The salt does not
dissolve. Immerse the volumetric flask in a large beaker with cold tap water, and
add slowly, while mixing carefully, 11 mL concentrated H2SO4 (96-98%, d=1.84
g/cc). The role of tap water in the beaker is to cool down the ferric sulfate solution
in FbSO4, since while adding the concentrated acid, the solution temperature
increases.
Add about 25 mL distilled water to the solution washing the neck of the
volumetric flask, and keep mixing the solution until the solid is dissolved. Bring
the solution to the 200 mL mark with distilled water, add a small magnetic stir
bar, stopper the flask and mix the solution on a stir plate until completely
homogeneous.
Transfer the solution into a brown bottle, label it and store at the room
temperature in a dark place. The ferric sulfate solution is light sensitive. Under the
specified conditions, the solution can be stored for at least 3 months.
Solution B - 1.2 M Potassium Oxalate Solution
Weigh out 44.21 g K2C2O4^H2O and transfer it into a 200 mL volumetric flask.
Add distilled water slowly, while mixing, to dissolve the solid. Bring the solution
to the 200 mL mark with distilled water and homogenize. Transfer the solution in
a reagent bottle, label and store it at room temperature. The solution can be stored
at least 3 months.
Solution C - Sodium Acetate - Sulfuric Acid Buffer Solution pH 4.5
Weigh out 20.5 g CH3COONa^H2O and transfer it in a 250 mL volumetric flask.
Add 100 mL distilled water and mix until the solid is dissolved. Add slowly 2.5
mL of concentrated H2SO4 (96-98%) to the solution, while gently mixing. Add
distilled water to the mark, homogenize the solution and transfer it in a storage
bottle.
Solution D - 0.2% 1,10-Phenanthroline Solution
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Weigh out 0.4 g 1,10-phenanthroline and transfer it in a 200 mL volumetric flask.
Add distilled water to the mark, then, immerse a magnetic stir bar and stopper the
flask. Keep stirring the mixture on a stir plate until all solid is completely
dissolved. Transfer the solution to a brown bottle and store in a dark place.
Solution E-IM Hydroxylamine Hydrochloride Solution
Prepare 100 mL of 1 M NH2OH.HCl solution in distilled water.
Solution F - 2 N H2SO4
In a 200 mL volumetric flask add 100 mL distilled water, then, immerse the flask
in a large beaker containing cold tap water, and add carefully, under continuous
mixing, 11 mL of concentrated H2SO4 (96-98%, d=1.85 g/cc). To the cold
solution of sulfuric acid, add the rest of distilled water up to the 200 mL mark.
Mix to homogenize. Transfer it into a reagent bottle and label it.
Experimental Procedure
Standardization of Ferric Sulfate Solution
Take 0.3 mL of Solution A into a 100 mL volumetric flask and add distilled water
to the mark. Mix thoroughly the solution. Take 0.8 mL of this solution in a 10 mL
volumetric flask, add 2 mL of distilled water and 1 mL of Solution E. Mix and
wait for 2 min. Add 2 mL of Solution C and 2 mL of Solution D, and keep the
volumetric flask for 40 min in a dark place. Then, add distilled water to the mark,
mix thoroughly and read the absorbance of the solution at 510 nm in a 1 cm path
quartz cell. Note this absorbance as A (sample).
Repeat the above procedure without adding Solution E. Note the absorbance of
this solution at 510 nm as A (blank).
The concentration of Fe(III) in Solution A is:
[Fe3+]M = [A (sample) -A (blank)] ? 0.375
Attach a label to the Solution A bottle stating its molarity.
Ferrioxalate Actinometry Experiments
In order to determine the photon flow emitted by the lamp from 200 to 300 nm,
two experiments should be performed with the medium pressure lamp collimated
beam apparatus: one, which allows the measurement of the photon flow emitted
by the lamp in the 200-500 nm range, the other, which will give the photon flow
in the 300-500 nm range.
The first experiment is conducted with the quartz window in the filter holder,
whereas in the second one, the 295 nm cutoff filter replaces the quartz window in
the filter holder.
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Both experiments will be performed for the same configuration of the collimateci
beam apparatus (lamp power, distance between the lamp and the solution level in
the irradiation dish, uniformity of the beam, same dish, stir bar, etc). The
configuration must be identical to that used in the irradiation experiments for the
research project.
If the photon flow transmitted through the narrow band interference filters has to
be determined, the corresponding filter should be placed in the filter holder. In
order to measure the irradiance at the center of the beam, the appropriate
sensitivity factor should be chosen on the IL 1700 radiometer display screen.
Therefore, prior to proceed for the ferrioxalate actinometry experiments, make
sure that the desired configuration is properly set up.
Prior to start the irradiations, prepare a set of 10 mL volumetric flasks to which
were added 2 mL of Solution C and 2 mL of Solution D. The number of these
flasks should correspond to the number of the irradiations plus one for the blank.
All of the following steps should be carried out in very subdued light or with
red 'safety' photographic lamps :
1. In a 1 L volumetric flask, add 15 mL of Solution B, approximately 800
mL distilled water, and 35 mL of Solution F. Mix gently, then, add 6/[Fe (III)]
mL of Solution A, where [Fe (III)] is the concentration of ferric ions in Solution
A, as determined above. Mix and add distilled water up to the IL mark. Mix
thoroughly, and transfer the solution quickly to a brown bottle. Label the bottle as
0.006 M potassium ferrioxalate in 0.1 N H2SO4. This solution is very
photosensitive. Keep it away from any light (except for the red light) at all times.
This is the solution to be used for the determination of photon flow; let us call it
the FeOx Solution.
2. Measure 55 mL of FeOx Solution (with a 100 mL graduated cylinder) in
the crystallizing dish usually employed for the irradiation experiments (60 ? 35
mm). Add a small magnetic stir bar, place it on the stir plate in the collimated
beam setup, and start the stirring. Leave the solution on that spot with the shutter
CLOSED for the longest chosen irradiation time in the ferrioxalate actinometry
experiments. Monitor the time accurately with the stopwatch. Then, add 1 mL of
this solution to one of the 10 mL volumetric flasks prepared above. Add ~1 mL
distilled water and hide it in a dark place for 40 min. Then, add distilled water to
the mark and read the absorbance at 510 nm [A (blank)]. If the light precautions
were properly taken, this absorbance should not exceed 0.015.
3. Measure 55 mL of FeOx Solution (with a 100 mL graduated cylinder) in
the crystallizing dish usually employed for the irradiation experiments (60 ? 35
mm). Add a small magnetic stir bar, place it on the stir plate, open the lamp
shutter and start the stopwatch. Irradiate for 1 min, if the center irradiance (with
the quartz window in place) was ~ 1 mW/crn .
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Close the shutter and stop the timer. Please be aware that the exposure time must
be very accurately monitored.
Increase the speed of stirring for a few seconds, then stop the stirring and take 1
mL of the homogeneous solution into one of the 10 mL volumetric flasks
prepared above. Add ~1 mL distilled water and hide the flask away from any
light.
After 40 min, bring the volume to the 10 mL mark with distilled water,
homogenize and take the absorbance reading at 510 nm, A (sample).
4. Repeat step 3 for the remaining exposure times (for example, 2, 3, 4 and 5
min). Make sure that the absorbance readings of the irradiated samples are not
larger than 1 .3- 1 .4 (A = 5 1 0 nm).
5. Replace the quartz window with the 295 nm cutoff filter and repeat the
steps 2 through 4, using larger exposure times (for example, 3, 5, 6 and 8 min).
6. A general formula to calculate the photon flow from a single measurement
is as follows:
[A (sample) - A (blank)] ? 10 ? V
p~ H,100xFixíxOFe2+
where, V (mL) is the total irradiated volume (e.g., 55 mL), V\ (mL) is the volume
withdrawn from the irradiated solution (e.g., 1 mL), t (min) is the irradiation time,
and <I>Fe2+ is the quantum yield of Fe2+ generation by a photochemical reaction. A
(sample) and A (blank) have the meaning stated above, and Ev has units of
einstein/min.
Since the quantum yield of Fe (II) generation is wavelength-dependent, the
photon flow will be calculated as the ratio of the difference [number of moles of
Fe (II) (200-500 nm) per time unit- number of moles of Fe (II) (300-500 nm) per
time unit] to 1.25, which is the quantum yield within the 200-300 nm range.
The number of moles of Fe (II) generated in each wavelength range per time unit
(second) will be calculated from the regression analysis, by plotting the number of
moles of Fe (II) generated versus the irradiation time (s). Such analysis was




Figure B-I: Tank Parameters for each series. Listed are the nominal values
determined during the experimental design.
Tank Parameters for Pilot Experiements
Tank# Water Quality lamp power H2O2 cone. Flow
level (%) (mg/L) (m3/h)
Tank 1 Series 1 CSF 100 10
Tank 1 Series 2 CSF 60 10
Tank 2 Series 1 DCUF 100 15 20
Tank 2 Series 2 EXUF 60 15 20
Tank 3 Series 1 LXUF 100 15 10
Tank 3 Series 2 EXUF 60 15 10
Tank 4 Series 1 EXUF 60 20
Tank 4 Series 2 EXUF 60 10
Tank 5 Series 1 EXUF 80 20
Tank 5 Series 2 EXUF 80 10
Tank 6 Series 1 EXUF 100 20
Tank 6 Series 2 EXUF 100 10
Tank 7 Series 1 EXUF 100 20
Tank 7 Series 2 EXUF 60 20
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HFigure B-2: Diagram of reactor system including Trojan Swift MPUV
(Section F).
Figure B-3: Detailed description of reactor system outlining Figure B-2.
Pipe Section length [m] Radiusfm] Volume [m3]
0.038 0.023
B 1.69 0.076 0.031
1.15 0.152 0.084















Photos from Trojan Technologies
(http://www.trojanuv.corn/solutions/municipal/drinkingwater/products/trojanuvsw
ift)
Figure B-4: Photos of Trojan Swift MP UV represented by Section F in the
diagram in Figure B-2.
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Figure B-5: Sampling Parameters for Pilot Study
Sampling Procedure for Tank Experiment
Level of Tank (L)
remaining used Activity measurements (m3)
6800 start
5 ? .8 m3 = 4m31600 Flush system 5 times
4400 begin sampling
lmJx5 min = .5 m3¦500 sampling influent & effluent
4000 End sampling
800
change power of lamp & flush
system 4 times 14 ? .2 m3 = 0.8 m3
2800 begin sampling
.1 mJ ? 5 min = .5 m3500 sampling influent & effluent
2300 Stop
Volume required to complete each activity was rounded up to the next 400 L in
order to use 400 L markers along side of feed tank.
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Figure B-6: Procedure for tank experiments.
Time(hr:min) Pilot Experiment Tank Preparation
1:30 Tank filling and mixing
0:30 Prepare for sampling vials & warm up lamps
0:30 Sampling
1:00 Recirculating (full power 100% with 15ppm H2O2)
1:00
Discharge (calculate time required for 4 log
degradation of cocktail)
1:30 Refill tank mixing in cocktail
0:30 Instructions and prepare for sampling
0:30 Sampling
1:30 Recirculating (full power 100% with 15ppm H2O2)
1:00 Wash and flush with CSF
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APPENDIXC:
QA/QC FOR PILOT STUDIES
Before tank experiments were run, a dry test was performed without the use of
H2O2 or the addition of compounds. The influent tank (or feed tank) and the UV
installation were flushed with CSF. Evaluation of the calculated residence time,
the flow meter, pumps, as well as lamps was completed.
In order to determine how quickly the lamp intensity changed from one power
level to another, a simple test was done measuring NO2" production. Samples
were collected from the effluent valve of the pilot installation. The reactor system
was run at a fixed flow rate and lamp intensity began at 100 % power level. The
three power levels to be used in the study were evaluated to determine the
relationship between sampling times, flow rate, and when the power level would
stabilize.
The power began at 100%, was reduced to 80%, then 60%, and returned to 100%.
NO3" was measured in the influent while NO2" was measured every 20 seconds
over a 7 min period while the power level was changed. The test concluded that
desired lamp intensities stabilized within lmin. This meant that to change the
flow rate during a tank experiment involving two series with different flows (10
and 20 m3/h), 400 L was a sufficient amount of time in-between sampling to reach
the desired power level.
The flow meter was equipped with sensors installed within the installation. The
head operator of the pilot facility completed inspections of all sample ports and
valves. Quartz sleeves of the SWIFT installation were also wiped using the
control system of the installation. Sampling vials were prepared in advance and
labeled accordingly with an ID number corresponding to a prepared spreadsheet.
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APPENDIXD:
ANALYSIS AND QA/QC FOR INDICATOR COMPOUNDS FOR
COLLIMATED BEAM AND PILOT STUDIES
Samples were preserved in vials or bottles specific to the test performed or
compound to be analyzed. All samples were stored in darkness and refrigerated
until collection. Collection of samples by the laboratory was within 24hrs of
sample preparation. For 1,4-dioxane, duplicates were completed by repeating
irradiations and sending two samples to the lab for analysis. The other three
compounds, NDMA, Atrazine and Bromacil, were analyzed in triplicate using
only one sample at the laboratory.
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Figure D-I: Outline of sampling parameters for both Collimateci Beam and
Pilot Experiment samples.
Sampling Parameters, Containers, and Holding times





Transmittance 40ml None BF
Bicarbonate 200ml Refrigerate
DOC 200ml None GJ
UV Scan 50ml None BF




H202/N03/N02 50ml None BF
BF= Brown glass flask, G= Glass with PTFE Caps
P=Plastic bottle
N/A=notapplicable GJ= Glass jar with stopper
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Figure D-2: Quality Assurance for Sampling Analysis: Sampling Parameters,
Containers, and Holding Times for indicator compounds and water matrix
Quality Control Program
Operational Replicate Laboratory Standards Quality Control Measure
pH/Temperature NA Verification by Laboratory Analyst
%UV Transmittance Yes (analyzed at PWN) Instrument Calibration
1, 4 Dioxane Yes Verification by Laboratory Analyst
NDMA Yes Verification by Laboratory Analyst
Atrazine & Bromacil Yes Verification by Laboratory Analyst
Bicarbonate NA Verification by Laboratory Analyst
DOC NA Verification by Laboratory Analyst
NOM NA Verification by Laboratory Analyst
H,02/N03/N02 Yes (analyzed at PWN) Instrument Calibration
UV Scan Yes (analyzed at PWN) Instrument Calibration
A: Samples collected in duplicate.
B: Samples analyzed in triplicate
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APPENDIX E:
PROCEDURES FOR ANALYSIS OF ATRAZINE, BROMACIL AND
NDMA
Collimateci Beam experiments were analyzed in triplicate for NDMA, atrazine, as
well as bromacil. Dioxane was analyzed independently resulting in one data point
per sample.
Analysis of atrazin, bromacil and NDMA was performed using Ultra Performance
Liquid Chromatography (UPLC) combined with a Mass Selective Detector
(Waters Acquity). 20 uL sample was injected on a UPLC BEH Cl 8 column (5
cm, particle size 1,7 urn, internal diameter 2,1 mm, Waters) with a flow rate of 0,6
ml/min. The eluens consisted of a mixture of solvent A (5%
Ammoniumphosphate in water , pH =3) and solvent B (2 mMAmmoniumformiate


















Atrazine was detected with electro spray ionisation in the positive ionisation
mode, using mass transformations 216,05 m/z to 96,10 m/z and 216,05 m/z to
173,97. Bromacil was detected with electro spray ionisation in the positive
ionisation mode, using mass transformations 262,90 m/z to 189,76 m/z and
262,90 m/z to 206,87. NDMA was detected with in the positive ion mode using
APcI( ) at m/z 75,21 ("parent to parent").
Quantification was performed by external calibration using concentration series of
ten concentrations between 0,050 and 50,00 ug/1 (atrazin and bromacil) and 0,500
and 1000 ug/1 (NDMA). Limits of detection were 0,022 ug/1 for atrazin, 0,041
ug/1 (bromacil) and 0,295 ug/1 (NDMA).
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APPENDIX F:
PROCEDURE FOR ANALYSIS OF 1,4-DIOXANE
1,4-dioxane is isolated from water samples using a "purge and trap" approach. 40
ml water sample is purged with helium to evaporate volatile compounds dissolved
in the water phase. Volatile compounds are consequently trapped on a
carbopackB (Carboxen 1000+1001) column and injected on a Gass
Chromatography DB- 1 column (l=60m, internal diameter 0,32 mm, film diameter
1 urn). Detection is performed using a Mass Selective Detector at m/z 88.




Analytes measured for raw, filtered and finished waters included nitrate and
nitrite. Characterization for water qualities included CDOC, TOC, DOC, NO3",
HCO3, and pH.
LC-OCD-measurement
The sample is filtered over 0,45 urn and analysed over a gel chromatography
column. Separation is mainly determined on basis of molecular size. Besides
hydrophobic and electrostatic interactions also play a role. The eluate is feed onto
a Gräntzel- thin- film- reactor. In the upper part of the reactor anorganic carbon is
removed by acidifying the eluate and stripping the formed carbon dioxide by
means of nitrogen gas.
In the lower part of the reactor organic carbon is oxidised to carbon dioxide by
means of UV-radiation at 1 85 nm. The carbon dioxide formed is continuously
measured by means of a infrared-detector.
A small part of the eluate is not feed into the reactor but is directly led to a UV-
detector at 254 nm. In this way insight is got into the aromatic groups in the water
sample. Finally in the reactor organic nitrogen compounds are oxidised into
carbon dioxide and nitrate. The formed nitrate is measured by means of a UV-
detector at 220 nm.
The obtained OCD-chromatogram is splitted into five fractions by means of a
deconvolution-programme: biopolymers, humic substances, building blocks, low
molecular weight acids and low molecular weight neutrals. The total of these
fractions gives the chromatographic organic carbon.
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The total organic carbon content is measured by feeding directly an amount of
sample into the reactor. The dissolved organic content is measured in the same
way after filtration of the sample over 0,45 urn.
Equipment








siAirt?? mg va rire
chromatography/
bypass HPLC- pump
Control and data aquisrtion unrt
—i UV detector
I R- detector
Figure G-I: Diagram showing OCD-chromatogram.
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Figure G-2: Specifications of the analysis
Specification
Linearity all components linear
Robustness all components robust
Preservability 8 days
Detectability between 0,01 and 0,06 mg/1 C
Reproducability < 10%
Accuracy > 80% for NOM- standard of Nordic Lake
Measuring range CDOC: 0,2- 11,0 mg/1 C
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APPENDIX H:
CHARACTERIZATION OF WATER QUALITIES
Results for Water Qualities (WQ) for effluent for Nitrate NO3 (mg/L)
date WQ mg/L date WQ mg/L date WQ
1/17/2007 raw 6.5741 1/15/2007 CSF 5.4408 9/13/2007 IX
2/14/2007 raw 11.2402 2/12/2007 CSF 7.4861 9/19/2007 IX
3/14/2007 raw 12.4399 3/12/2007 CSF 9.1152 9/26/2007 IX
4/11/2007 raw 11.5722 4/10/2007 CSF 8.4069 10/3/2007 IX
5/9/2007 raw 9.2436 5/7/2007 CSF 9.0709 10/10/2007 IX
6/6/2007 raw 6.7202 6/4/2007 CSF 7.7561 10/24/2007 IX
7/4/2007 raw 2.9617 7/2/2007 CSF 4.3916 10/31/2007 IX
8/1/2007 raw 1.3060 7/30/2007 CSF 1 .9523 11/7/2007 IX
8/29/2007 raw 2.0497 8/27/2007 CSF 3.1387 11/14/2007 IX
9/26/2007 raw 2.0054 9/24/2007 CSF 2.8820 11/21/2007 IX
10/24/2007 raw 1.5406 10/22/2007 CSF 2.1559 11/28/2007 IX
11/21/2007 raw 2.9838 11/19/2007 CSF 8.8186 12/5/2007 IX
12/19/2007 raw 5.1575 12/17/2007 CSF 4.1304 12/12/2007 IX
1/16/2008 raw 8.2032 1/14/2008 CSF 7.9952 3/13/2008 IX
2/13/2008 raw 10.7178 2/11/2008 CSF 8.1014 3/19/2008 IX
3/12/2008 raw 11.5058 3/10/2008 CSF 8.6813 3/26/2008 IX
4/9/2008 raw 10.6381 4/7/2008 CSF 8.6149 4/2/2008 IX
5/7/2008 raw 10.3105 5/6/2008 CSF 9.3587 4/9/2008 IX
6/4/2008 raw 7.9288 6/2/2008 CSF 7.9597 4/16/2008 IX
7/2/2008 raw 4.8431 6/30/2008 CSF 6.0340 4/23/2008 IX
7/30/2008 raw 2.5190 7/28/2008 CSF 4.2278 5/7/2008 IX
8/27/2008 raw 1.2307 8/25/2008 CSF 2.1515 5/14/2008 IX
9/24/2008 raw 1.8062 9/22/2008 CSF 1.6513 5/21/2008 IX
10/22/2008 raw 2.1250 10/20/2008 CSF 2.3109 5/28/2008 IX
11/19/2008 raw 2.7802 11/17/2008 CSF 2.4171 6/4/2008 IX
12/17/2008 raw 3.5150 12/15/2008 CSF 2.8510 6/11/2008 IX
1/15/2009 raw 7.4108 1/12/2009 CSF 4.3960 6/18/2008 IX
2/11/2009 raw 10.1998 2/9/2009 CSF 6.5387 6/25/2008 IX
3/11/2009 raw 9.6597 3/9/2009 CSF 6.2376 7/2/2008 IX
4/8/2009 raw 10.0183 4/6/2009 CSF 7.1673 7/9/2008 IX
5/6/2009 raw 9.2569 5/4/2009 CSF 7.4639 7/16/2008 IX
6/3/2009 raw 7.3665 6/2/2009 CSF 7.6941 7/23/2008 IX
7/30/2008 IX
8/6/2008 IX




Figure H-2: Seasonal fluctuations in nitrate collected after CSF and IX
pretreatment.
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Figure H-3: UV scans including absorbance and molar absorbance for 1,4-
dioxane and NDMA used for Figure 9.
1,4-dioxane NDMA
C4H8O2 88 gr/mol C2H6N2O 74: gr/mol
cone. 30.65 mg (50 ml) 6.97E-03 mol/1 cone. 30.64mg (50 ml) 8.28E-03 mol/1 (stock)
date collected: 11/12/2007^ date collected: 5/6/2008 8.28E-05 mol/1 (scan)
wavelength wavelength
(nm) A (lem) e/lVr'cm1 1000 M-1 cm1 i"™) A (1 cm) e/M"1 cm"1 1000 M-1 cm"
200 0.0997 14.3169 0.0143 200 0.1260 1521.5405
201 0.0764 10.9691 0.0110 201 0.1410 1702.6762
202 0.0564 8.1023 0.0081 202 0.1570 1895.8877
203 0.0433 6.2146 0.0062 203 0.1770 2137.4021
204 0.0344 4.9326 0.0049 204 0.1950 2354.7650
205 0.0292 4.1847 0.0042 205 0.2200 2656.6580
206 0.0236 3.3836 0.0034 206 0.2410 2910.2480
207 0.0196 2.8137 0.0028 207 0.2630 3175.9138
208 0.0159 2.2797 0.0023 208 0.2920 3526.1097
209 0.0139 1.9940 0.0020 209 0.3160 3815.9269
210 0.0127 1.8160 0.0018 210 0.3400 4105.7441
211 0.0115 1.6566 0.0017 211 0.3660 4419.7128
212 0.0101 1.4427 0.0014 212 0.3960 4781.9843
213 0.0098 1.4069 0.0014 213 0.4200 5071.8016
214 0.0096 1.3710 0.0014 214 0.4480 5409.9217
215 0.0086 1.2288 0.0012 215 0.4700 5675.5875
216 0.0083 1.1930 0.0012 216 0.4950 5977.4804
217 0.0083 1.1930 0.0012 217 0.5200 6279.3734
218 0.0074 1.0681 0.0011 218 0.5490 6629.5692
219 0.0079 1.1398 0.0011 219 0.5660 6834.8564
220 0.0072 1.0322 0.0010 220 0.5830 7040.1436
221 0.0070 0.9977 0.0010 221 0.5990 7233.3551
222 0.0070 0.9977 0.0010 222 0.6140 7414.4909
223 0.0061 0.8728 0.0009 223 0.6250 7547.3238
224 0.0063 0.9087 0.0009 224 0.6340 7656.0052
225 0.0063 0.9087 0.0009 225 0.6390 7716.3838
226 0.0055 0.7838 0.0008 226 0.6430 7764.6867
227 0.0055 0.7838 0.0008 227 0.6430 7764.6867
228 0.0050 0.7120 0.0007 228 0.6410 7740.5352
229 0.0047 0.6762 0.0007 229 0.6360 7680.1567
230 0.0043 0.6230 0.0006 230 0.6280 7583.5509
231 0.0035 0.4981 0.0005 231 0.6160 7438.6423
232 0.0041 0.5871 0.0006 232 0.6060 7317.8851
233 0.0040 0.5699 0.0006 233 0.5910 7136.7493
234 0.0041 0.5871 0.0006 234 0.5760 6955.6136
235 0.0032 0.4637 0.0005 235 0.5550 6702.0235
236 0.0037 0.5340 0.0005 236 0.5360 6472.5849
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Figure H-4: UV scans including absorbance and molar absorbance for
atrazine and bromacil used for Figure 9.
strazine bromacil
C8H14ClN5 216 gr/mol C9H13BrN2O2 261 gr/mol
conc. 29.90mg (50 mi) 0.0007963 mol/1 (stock) conc. 29.02 mg (50 mi) 2.22E-03 mol/1 (stock)
date collected: 5/6/2008 7.963E-05 mol/1 (scan) date collected: 5/6/2008 2.22E-04 mol/1 (scan)
wavelength wavelength
(nm) A (1 cm) e/M'1 cm 1000 M" 'cm- (nm) A (lem) 1000 M"1 cm"1
200 0.7700 9669.7674 9.6698 200 1.8420 8283.2874
201 0.8420 10573.9535 10.5740 201 1.9100 8589.0765
202 0.9250 11616.2791 11.6163 202 1.9780 8894.8656
203 1.0250 12872.0930 12.8721 203 2.0580 9254.6175
204 1.1300 14190.6977 14.1907 204 2.1210 9537.9221
205 1.2540 15747.9070 15.7479 205 2.1840 9821.2267
206 1.3840 17380.4651 17.3805 206 2.2340 10046.0717
207 1.5130 19000.4651 19.0005 207 2.2710 10212.4569
208 1.6920 21248.3721 21.2484 208 2.2990 10338.3701
209 1.8470 23194.8837 23.1949 209 2.3110 10392.3329
210 .9990 25103.7209 25.1037 210 2.3110 10392.3329
211 2.1730 27288.8372 27.2888 211 2.2970 10329.3763
212 2.3700 29762.7907 29.7628 212 2.2690 10203.4631
213 2.5350 31834.8837 31.8349 213 2.2370 10059.5624
214 2.6700 33530.2326 33.5302 214 2.2020 9902.1709
215 2.8100 35288.3721 35.2884 215 2.1570 9699.8105
216 2.9330 36833.0233 36.8330 216 2.0990 9438.9904
217 3.0240 37975.8140 37.9758 217 2.0440 9191.6609
218 3.0940 38854.8837 38.8549 218 1.9790 8899.3625
219 3.1330 39344.6512 39.3447 219 1.9210 8638.5424
220 3.1510 39570.6977 39.5707 220 1.8550 8341.7471
221 3.1540 39608.3721 39.6084 221 1.7860 8031.4611
222 3.1560 39633.4884 39.6335 222 1.7120 7698.6906
223 3.1420 39457.6744 39.4577 223 1.6390 7370.4170
224 3.0980 38905.1163 38.9051 224 1.5610 7019.6589
225 3.0470 38264.6512 38.2647 225 1.4890 6695.8822
226 2.9440 36971.1628 36.9712 226 1.4090 6336.1303
227 2.8410 35677.6744 35.6777 227 1.3360 6007.8567
228 2.6800 33655.8140 33.6558 228 1.2650 5688.5768
229 2.5110 31533.4884 31.5335 229 1.2090 5436.7505
230 2.2850 28695.3488 28.6953 230 1.1340 5099.4831
231 2.0140 25292.0930 25.2921 231 1.0570 4753.2219
232 1.8290 22968.8372 22.9688 232 1.0050 4519.3832
233 1.6250 20406.9767 20.4070 233 0.9400 4227.0848
234 1.4360 18033.4884 18.0335 234 0.8850 3979.7553
235 1.2420 15597.2093 15.5972 235 0.8140 3660.4755
236 1.1050 13876.7442 13.8767 236 0.7590 3413.1461
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Figure H-5: Supporting data for Tables 7 and 8 comparing molar












m PWN solution (1)









Figure H-6: Data used for Figure H-5
molar absorption coefficient H2O2















































































































Calculated data developed based on Bolton's work used to determine calculated
fractions of light absorbed.
Figure H-7: Molar absorptions found in literature.
Comparing data with literature
NDMA ATZ BRO
wavelength molar absorption|wavelength|molar absorption wavelength molar absorption




































200 220 240 2B0 2BO 300 320 340 360 380
Wavelength/ nm
Figure H-8: Molar absorption spectra for measured herbicides including
atrazine, and bromacil produced by Mihela Stefan
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Figure H-1 5: Molar absorption spectra for related compounds including




Figure I-l: Data used to determine reaction rates used to solve for Roh,uv and
quantum yield.
Lamp Lamp Center 1 ,4 dioxane* NDMA*
wavelength Flux (rei) Flux (rei) Wavelength UB B B
(nm) N[Bj* MeL nm (Jeinstein-1) (M-rcm-1) (M-1*cm-1)
200-204 24 0.02 202 592211 8.91 E+00 1.62E+03
205-209 33 0.03 207 577906 2.93E+00 2.71 E+03
210-214 42 0.04 212 564276 1.54E+00 4.01 E+03
215-219 49 0.05 217 551275 1.16E+00 5.30E+03
220-224 52 0.05 222 538858 9.62E-01 6.23E+03
225-229 50 0.05 227 526989 7.73E-01 6.53E+03
230-234 45 0.04 232 515632 5.73E-01 6.15E+03
235-239 43 0.04 237 504754 4.42E-01 5.24E+03
240-244 19 0.02 242 494325 4.03E-01 4.03E+03
245-249 44 0.04 247 484318 3.20E-01 2.72E+03
250-254 61 0.06 252 474709 3.06E-01 1.62E+03
255-259 157 0.16 257 465473 3.03E-01 8.70E+02
260-264 52 0.05 262 456590 3.70E-01 4.40E+02
265-269 100 0.10 267 448040 4.03E-01 2.14E+02
270-274 29 0.03 272 439804 2.85E-01 9.17E+01
275-279 25 0.02 277 431865 2.89E-01 4.69E+01
280-284 59 0.06 282 424208 3.95E-01 2.85E+01
285-289 21 0.02 287 416817 2.31 E-01 2.65E+01
290-294 24 0.02 292 409680 1.29E-01 3.06E+01
295-299 70 0.07 297 402783 8.56E-02 3.67E+01
1000
* collected from Bolton Spreadsheet for CB experiments




Planck const 6.63E-34 J. sec
Speed of light 3.00E+08 m.sec-1







202 8.35946E-08 1. 52241 E-05
207 3.86329E-08 3.57768E-05
212 2.64124E-08 6.89151E-05




237 8.6371 8E-09 0.00010252
242 3.4874E-09 3.49047E-05














ELECTRICAL ENERGY CONSUMPTION (Em)
Figure J-I: Results Eeo at given H2O2 and NO3" concentrations for target
compounds.
H2O2 water type NO3 atrazine bromacil NDMA 1,4 dioxane
R&HUF 4.7 0.72 5.10 0.96 11.90
3.5 R&HUF 1.6 0.84 1.38 0.51 2.46
5.2 R&HUF 1.6 0.63 0.82 0.41 1.43
5.4 R&HUF 4.7 1.10 1.25 0.76 1.91
5.5 CSF 4.7 1.59 1.96 1.24 2.96



















Figure K-I : NDMA values used from CB studies for quantum yield and k
values in MiIIiQ water.
NDMA
UV H202 NDMA In (C/Co) In/UVdose k-value
mJ/cm (J/m2) C"B/L) ("9/D m2 1-1m J
25.8 0.00000 4.18E-04
600 6000 2.1 -2.50844 -0.00042 (kd'D)
1200 12000
7.9 0.00000 4.16E-04
300 3000 1.5 -1.66140 -0.00055
600 6000 0.65 -2.49765 -0.00042
6.24 22 ??????? 5.15E-04
600 6000 5,1 -3:09104 -0.00052
1200 12000 3.6
15.37 22 0.00000 4.00E-04
600 6000 13.74 -2.39790
1200 12000 12.26
Figure K-2: 1,4-Dioxane values for CB studies for for CB and Roh,uv and It-
values in MiIIiQ water.
1,4 dioxane
UV H202 ,4 dioxanHn (C/Co) In/UVdose k-value
mJ/cm (J/m2) W-) (ug/L) mzJ2,-1
22 0:00000 7.94E-06
600 6000 19 -0:14660 -0.00002 (kd,u)
1200: 12000 20 -009531 -0.00001
395 0.00000 5.15E-04
300 3000 112 -1.26039 -0.00042
600 6000 18 -3.08851 -0.00051
368 0.00000 6.73E-04
300 3000 38 -2.27050 -0.00076
600 6000 6.5 -4.03628 -0.00067
10 394 0.00000 7.35E-04
300 3000 10 23 -2.84086 -0.00095
600 6000 10 4.8 -4.40773 -0.00073
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Figure K-3: NDMA values used for CB studies for quantum yield and k








M9/L mean In(OCO) date
Tank# k-values
frn2/J)
7.746: 488.2; 497.7 0.00 11/260007 -3.35E-04
495.0
3000 300 6.533 237.8 240.6 -0.73 11/26/2007
240.1
243.9
6000 600 14 5.93 96.4 97.3 -1.63 11/26/2007
97.4
12000 1200 29 5.692 8.9 9.4 -3.97 11/26/2007
9.5
9.8
Irradiation H202Conc lab k-values
J/m mJ/cm2 Bme(min) PP"1 JíaíL In(CZCO) fr»)
521.1 0.00 -3.82E04
6000 600 59.8 -2.16 jA_
12000 1200 5.3 -4.59
Figure K-4: 1,4-Dioxane values used for CB and Roh,uv and k-values in CSF
water.
¡time(miry MO" In(CZcO) (m^J)
PAN-PI-PWN : 7:?4ß : 0.00
PAN-PI-PWN
PAN-PI-PWN
PP" M9/I In (C/Co) <"*J>
¡Rao-fe: Brizará?? -i 0.0000:
J^L
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Figure K-5: NDMA values used for CB graphs and quantum yield and k
values in IX-UF water.
J/m2 ID# WQ mJ/cm2 time(min) PPi" ug/l ln(c/co)
PAN-Pl-PWN 252B RSH 475:; 480.7: 0,00 12/10/2007
PAN-PI-PWN




6000 PAN-PIvPWN 2548 R&H 600




J/m2 WQ mJ/cm2 time(min) ppm ug/l ln(c/co)
0.00 12/7/2007
3.81 383 12/7/2007
PAN-PI^PWN 244B IX UF 363
PAN-PI-PWN 245B IXUF
6000: PAN-PI-PWN 3033:: ? -2.48 12/7/2007
12/7/2007
246B: ¡X UF 600-
12/7/2007
J/m2 Code WQ mJ/cm2 Itime(min) PPm M9/I ln(c/co)
PAN-PI-PWN: 0.00 12/3/2007
452;
PAN-PI-PWN 236B R&H 452: 12/3/2007





J/m2 mJ/cm2 limetmin) m 3ÏÏ-L ln(c/co)
PAN-Pi-PWN:: 427.67: ¦: o;oo ; 1273/2007
240B R&H 12/3/2007
pan-pi-pwn; 15 11,96 427
PAN-PI-PWN
6000 PAN-Pl-PWN: 242B: R&H 600 12 15 11,4 12/3/2O07
PAN-Pi-PWN









PAN-Pi-PWN ; 2326: R & H MS 18.18 509,2 0.00 11/27/2007
504.1
233B




Figure 6: 1,4-Dioxane values used for CB and Roh.uv and k-values in IX-UF
water.
1.4dioxane1 I
J/m2 WQ mJZcm2 tlme(min) SSB. ug/L In[CfCO) (m'/J)
PAN-PI-PWN 252A 0.00 12/10/2007
PAN-PI-PWN 253A
6000 PAN-PI-PWN 254A n&m 600 -0.07 12/10/2007
PAN-PI-PWN 1200 12/10/2007
J/m2 Code WQ mJ/cm2 time(min)
H202 Cone.
PPi" M9/I In(CZcO) (mzZJ)









RSH 5.59 891 0,00 12/3/2007
237A
PAN-PI-PWN 238A 600 5,113 -0.85 12/3/2007
12/3/2007
J/m2 WQ mJ/cm2 time(min) PP™ M9'l In(CZcO) (m'ZJ)
PAN-PI-PWN o:oo
PAN-Pl-PWN 242A
WQ ltimefmin) USL uq/l InIcZcO) (m ZJ)






Figure L-I: Supporting data for Roh,uv values.
H2O;^2 millJQ V0H, UV
mM H2O2 conc. 1 ,4-diox 1 ,4-diox
o.oo Oppm 7.94E-06 0.00E+00
0.09 3ppm 5.15E-04 1.81E-13
0.18 6ppm 6.73E-04 2.37E-13
0.29 10ppm 7.35E-04 2.60E-13
Roh based on pCBa
PWN Rosenfeldt
H2O;W2 Roh H2O2 Roh
mM M s m2 J1 mM MSm2J-
0.00 0.00E+00 0.14 7.16E-14
0.03 3.42E-14 0.28 8.81 E-14
















Figure L-2: Supporting data for Roh,uv values.
Kj — kd + KOH , 4_D j[OH]dt
kT,D Im2J1) (= direct and indirect photolysis rate constants)
H2O;^2 milliQ *0H, UV
mM H2O2 conc. 1 ,4-diox 1 ,4-diox
o.oo 0 ppm 7.94E-06 0.00E+00
0.09 3 ppm 5.15E-04 1.81E-13
0.18 6 ppm 6.73E-04 2.37E-13
0.29 10 ppm 7.35E-04 2.60E-13
H2O2 IX-UF *OH, UV
mM H9O, conc. 1 ,4-diox 1 ,4-diox
0.00 0 ppm 1 23E-05 0.00E+00
0.09 3 ppm 8.02E-05 2.42E-14
0.15 5 ppm 1.12E-04 3.57E-14
0.32 11 ppm 1 .46E-04 4.78E-14
0.44 15 ppm 2.03E-04 6.82E-14
H2O^2 CSF *OH, UV
mM HoO, conc.?2^2 1 ,4-diox 1 ,4-diox
0.00 0 ppm 1 .22E-05 0.00E+00
0.18 6 ppm 8.16E-05 2.48E-14
0.50 17 ppm 1 .20E-04 3.83E-14
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Figure L-3: Supporting data for Roh,uv values
*OH, UV *OH, UV
milliQ 1.579E-13 Msm2J-1
H2O2 5.41 mg/L
DOC mg C/L 9.13338E-14 Msm2J-1
mg C/L 6.48854E-14 Msm2J-1
mg C/L 4.58405E-14 Msm2J-1
mg C/L 4.17411E-14 Msm2J-1
mg C/L 3.21463E-14 Msm2J-1
H2O;w2 6.8 mg/1
NO3 mg/L 1.35271E-13 Msm2J-1
mg/L 1.17227E-13 Msm2J-1
mg/L 1.03281E-13 Msm2J-1
mg/L 1.05455E-13 Msm2J-1
12 mg/L
mg/1
9.10824E-14 Msm2J-1
142
